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Dimerization of Telomerase RNA During Telomerase Biogenesis
Regulates Telomerase Activity
by

Tetsuya Matsuguchi

Abstract

Telomerase is a ribonucleoprotein complex minimally composed of telomerase reverse
transcriptase and telomerase RNA, which contains the template region encoding the
telomeric repeat sequence. This minimal, monomeric complex is active for extending
telomeric substrates in vitro, but several studies have indicated that telomerase reverse
transcriptase as well as telomerase RNA can physically and functionally oligomerize or
dimerize; however, the functional significance of dimerization is not known. Here we
show that physical interaction between two (or more) molecules of the yeast telomerase
RNA, TLCI1, occurs in vivo by two independent modes: one involving the 3’ region of
TLC1 and the other by a Ku- and Sir4-mediated interaction. This telomerase RNA
dimerization seems to be at least partially independent of the formation of the telomerase
complex; in fact, no direct evidence for telomerase reverse transcriptase dimerization was
found in our attempts. I propose a model in which TLC1 dimerization is an intermediate
step during its biogenesis, and that the active telomerase complex either only has one
catalytic site or that forms a dimer only transiently. Previous studies have shown that the

template regions of two telomerase RNAs functionally interact, in yeast as well as in
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human. I have shown that Estl and Est3, essential factors for in vivo telomerase activity,
are required for this functional interaction of the telomerase RNA templates in telomeric
DNA synthesis. By integrating these results, I propose a model in which TLC1 physical
dimerization can obscure the template region, and the activation of telomerase activity
requires uncovering of this region. I suggest that Estl and Est3 play a role in this step.
Taken together, this provides a model in which yeast telomerase dimerization during its
biogenesis requires subsequent reorganization and can act as a regulatory step in

telomerase activity activation.
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Chapter 1: Introduction

Telomeres
Telomeres are specialized structures at the ends of linear chromosomes, in most
eukaryotes, consisting of G-rich repetitive DNA sequence, multi-component complexes
of proteins bound to the telomeric DNA, and associated RNAs including telomeric-repeat
containing RNAs (de Lange et al. 2006; Feuerhahn et al. 2010). Telomeres play
important roles in chromosome maintenance and dynamics throughout the life of a cell
and an organism. A central role of telomeres is to act as caps protecting the ends of
chromosomes from various insults including nucleases. The specialized telomeric
structures are necessary for distinguishing the natural DNA ends from the ends resulting
from DNA double-strand breaks (Jain and Cooper 2010). The earliest studies of
telomeres have shown that natural DNA ends do not fuse to other ends as the double-
strand break-induced ends do (McClintock 1931; Muller 1938). Interestingly, many of
the double-strand break repair proteins reside on telomeres; the mechanism by which
these repair proteins are prevented from recognizing telomeres as damaged DNA is not
well understood (Jain and Cooper 2010).

Telomeric DNA is typically composed of repetitive sequences (tandem
“TTAGGG” repeats in vertebrates; tandem TG, ; repeats in S. cerevisiae). The repetitive
nature of the DNA sequence allows partial loss of telomeric DNA without any genetic

information loss. Specific telomeric sequences also allow recruitment of specialized



telomeric proteins that help protect and maintain telomeres. These include double-
stranded telomere binding proteins, such as Rap1 in yeast, and single-stranded telomere
binding proteins, such as Cdc13, that bind the 3’ overhanging, G-rich DNA strand at the
end of the telomere (Jain and Cooper 2010). Such telomere sequence-specific, single-
stranded DNA-binding proteins also have the potential to bind to any stretches of single-
stranded telomeric DNA that may become exposed within the body of the telomeric
repeat tract; such intermediates may exist during DNA replication or recombination
processes.

In addition to all the forms of environmental damage that can cause telomeres to
shorten, there is an obligatory shortening of telomeres every cell division that results
from the incomplete DNA replication problem (Watson 1972). To date, all DNA
polymerases catalyzing templated nucleic acid synthesis found in nature have 5’ to 3’
directionality in synthesis, and all replicative DNA polymerases require a nucleic acid
primer. Hence, RNA primers are required for DNA replication, and Okazaki fragments
initiated with short RNA stretches are created during the replication of lagging strand
(Ogawa and Okazaki 1980). These facts lead to the inability of biomolecules to replicate
DNA at the extreme termini. Minimally, the length of RNA primer used to replicate the
extreme telomere terminus is lost during the semi-conservative replication of DNA.

In order to balance the loss of telomeric repeats from the ends of chromosomes,
there is a specialized enzyme called telomerase that replenishes telomeric repeats to the
telomeres. Almost all eukaryotic organisms have linear chromosomes with telomeres that

depend on telomerase to maintain telomeres, with notable exceptions like Drosophila, in



which a retrotransposon is utilized. In addition, there are alternative recombination-based
telomere-lengthening pathways that can operate under some conditions in many
organisms. The majority of this thesis will focus on telomerase-dependent telomere

maintenance.

Telomerase

Telomerase is a ribonucleoprotein (RNP) minimally composed of a protein catalytic
subunit, telomerase reverse transcriptase (TERT; called hTERT in human and Est2 in
budding yeast), and a telomerase RNA component, which contains the RNA template
used by telomerase to extend telomeric DNA at the end of chromosomes (TER; called
hTER or hTR in human and TLCI in yeast). Telomerase is a unique class of polymerases
that carries a self-contained template by which nucleotide additions are directed (C W
Greider and E H Blackburn 1989). Natural telomerase substrates are single-stranded,
telomere-repeat containing DNAs (together with their endogenously associated proteins).
The single-stranded telomeric DNA can anneal to the 3’ end of the template and act as
the primer for elongation by telomerase. Once the end of the template is reached, the
template and now the product must disengage in order to reposition and realign such that
the 3’ end of the DNA product is annealed to the 3’ end of the template for the second
round of extension (Autexier and Neal F. Lue 2006; Kelleher et al. 2002). This process is
called the repeat addition processivity, and the mechanism by which the repositioning

occurs is very poorly understood. This re-aligning step requires homology between the 5’



and 3’ ends of the template, and it is important consideration when mutations are made in
the template region, as it is done in Chapter 3.

Many aspects of telomerase are well conserved between yeast and human as well
as Tetrahymena (Kelleher et al. 2002), in which the first telomerase activity was
discovered (Carol W. Greider and Elizabeth H. Blackburn 1985). There are notable
differences, such as robust repeat processivity seen in human telomerase in vitro while
yeast telomerase shows no repeat processivity; however, yeast remains the most well-
studied model organism in which telomerase is studied. The work described in this thesis
focuses on the yeast telomerase.

Interestingly, both human and yeast telomerases remain bound to their extended
DNA products, albeit in different contexts (Robart and Kathleen Collins 2011; John
Prescott and Elizabeth H. Blackburn 1997). Purified human telomerase retains the repeat
addition processivity, while yeast telomerases from S. cerevisiae and K. lactis can only
extend the primer once (John Prescott and Elizabeth H. Blackburn 1997; Fulton and
Elizabeth H. Blackburn 1998). The lack of repeat addition processivity by these two
budding yeast telomerases in vitro is caused by the stable interaction of the DNA product
stalled at the catalytic site, as evidenced by lack of extension of a DNA substrate (a
“challenge” substrate) added at a later time (John Prescott and Elizabeth H. Blackburn
1997). The human telomerase, however, can extend the newly added “challenge” primer
substrate while retaining an interaction with the previously extended primer product,
suggesting that the stable interaction of the extended primer to telomerase is not at the

catalytic site (Robart and Kathleen Collins 2011). The reason for why yeast telomerase



lacks the ability to remove its product in vitro is unknown. The ability of telomerase to
retain telomeric oligonucleotides at and outside the catalytic site has important
implications for interpretation of in vitro telomerase activity assays in Chapter 3.

A crystal structure of (a portion of) telomerase has only recently been available,
but phylogenetic comparisons of telomerase reverse transcriptases and telomerase RNAs
and molecular genetic approaches in model organism eukaryotes have been fruitful in

identifying major structural elements of telomerase.

Telomerase reverse transcriptase

There are two major highly conserved domains in the telomerase reverse transcriptase
(RT)-containing protein: the N-terminal region unique to telomerase that contains RNA
and DNA binding domains, and the RT domain, located toward the C-terminal region of
the protein (Autexier and Neal F. Lue 2006; Kelleher et al. 2002). The evolution of the
telomerase RNP is ambiguous, but the telomerase protein TERT is thought to have
evolved from viral reverse transcriptases, and the RT domain is well conserved,
especially at the critical amino acid residues for catalysis, nucleotide addition
processivity and nucleotide binding (Peng et al. 2001; Bosoy and Neal F. Lue 2001).
Because the viral reverse transcriptases are well studied and many atomic-resolution
structures exist, the comparable critical residues of telomerase have been identified well
before the crystal structure of telomerase was available. One of the frequently used
mutations in this thesis, est2-D530A, is the mutation in a residue critical for catalysis, in

which one of the aspartate residues of the aspartate triad is mutated. This catalytically-



dead mutation is useful, because the protein remains stable, and, with the exception of the
actual nucleotide addition step, est2-D530A can presumably carry out other steps
involved in telomere addition in vivo, including assembling with other telomerase-
associated factors, interacting with the telomeres, and binding to the DNA and dANTP
substrates of telomerase.

The N-terminal regions of telomerase contain two major domains: the telomerase
essential N-terminal (TEN) domain and the TERT RNA binding domain (TRBD). The
TEN domain is thought to be important for DNA substrate binding and processivity
(Jacobs et al. 2006). Recently, it has been shown that the TEN domain is not required for
synthesis of a single repeat in vitro, however, the repeat processivity requires the
presence of TEN domain, even as a trans-acting factor (Robart and Kathleen Collins
2011). The extreme N-terminus of yeast telomerase is part of this TEN domain, but the
first 20 amino acids can be deleted without completely abolishing telomerase activity in
vivo (Xia et al. 2000). This mutation, est2-AN20, results in an immediate growth defect,
unlike senescence-causing mutations that take 40-60 generations before growth defect is

apparent (Xia et al. 2000).

Telomerase RNA

Telomerase RNA, in addition to providing the template for reverse transcription, has
extended base pairing to form secondary structures that create binding sites for

telomerase RT as well as other telomerase factors (Theimer and Feigon 2006). Through



these interactions, the telomerase RNA, especially in yeast, acts as a scaffold for the
telomerase enzyme (Zappulla and Thomas R. Cech 2004).

Telomerase RNA contains a core telomerase RT binding domain that includes a
single-stranded template region followed by a boundary element that demarcates the end
of the template, and a pseudoknot structure that also includes a required triple RNA helix
formation (J. Lin et al. 2004). This pseudoknot structure is conserved from Tetrahymena
to human and is critical for binding to telomerase RT.

Both human and yeast telomerase RNAs contain structures specific for binding
RNA processing proteins that are used for other small nuclear RNAs (D. Fu and Kathleen
Collins 2007; Seto et al. 1999). In the case of yeast, there is an Sm-protein binding site
near the 3’ end, which is important for the stability and processing of telomerase RNA as
discussed later. Dyskerin binding to human telomerase RNA is also important for the
stability of telomerase RNA, and several mutations in dyskerin binding have been found
in humans that cause telomere shortening and premature aging (J. R. Mitchell ez al. 1999;
Errington et al. 2008).

Yeast telomerase RNA (TLC1) also has binding sites for Estl, an essential
telomerase factor in vivo, and the Ku complex (Stellwagen et al. 2003; J. Zhou et al.
2000; Seto et al. 2002). Homologs of Estl and Ku exist in humans, but they do not seem
to bind directly to human telomerase RNA (hTER). Both Estl and Ku play prominent
roles in the recruitment of telomerase to telomeres in yeast, suggesting that a different
recruitment pathway exists in humans, although no telomerase recruitment factors have

been identified in humans. In addition, in both humans and in yeast, Estl can bind



TERT/Est2 independently of telomerase RNA (Bianchi et al. 2004; Redon et al. 2007).
TLCI is also about 3-fold longer than the hTER, which may have provided additional

sites for recruitment factors to bind that are not seen in hTER (Theimer and Feigon

2006).

Crystal structure of red flour beetle telomerase reverse transcriptase

While many attempts have been made by various groups to crystalize telomerase enzyme,
only one group has managed to produce a crystal structure of telomerase reverse
transcriptase (A.J. Gillis et al. 2008). This feat was accomplished by studying the red
flour beetle telomerase. This telomerase, however, is missing the N-terminal TEN
domain conserved in yeast and humans. There are still interesting features of telomerase
enzyme discovered in the study of the crystal structure. The reverse transcriptase domain
is very similar to that of HIV-1 reverse transcriptase, as expected. The RNA-binding N-
terminal domain (TRBD) and the C-terminal end of the RT domain have an extensive
surface interaction that results in a ring-like structure, resulting in an equivalent of the
“closed” or active conformation in HIV reverse transcriptase. The cavity created by this
interaction is just big enough (~26 A wide and 21 A deep) to fit seven base-pairs of a
double-stranded nucleic acid (RNA-DNA hybrid), which is consistent with the number of
bases in the template region hybridized to DNA in yeast telomerase (Forstemann and
Lingner 2005). A co-crystal structure of the protein and a RNA-DNA hybrid hairpin
mimicking the template bound to the substrate indeed shows that the base-paired

substrate is in the cavity with the 3” end of the DNA situated in the active site (M.



Mitchell et al. 2010). The “open” or inactive conformation seen in HIV transcriptase
would require disruption of the interaction between the N- and C-terminal domains. If
such conformation exists in telomerase, it would most likely require an external factor. It
is also possible that such conformation may require the presence of the full-length
telomerase RNA, which this crystal lacked. It is unclear at this point whether the loading
of telomerase RNA or DNA substrate require the catalytic site to “open,” which may act

as an “activation” step.

Other telomerase proteins

Several other factors are required for telomerase activity and regulation in vivo. Estl,
Est3, and Cdc13 (formerly named as Est4) are essential in vivo for telomerase activity,
although these are dispensable for activity in vitro (Lingner et al. 1997).

One of the key roles of Estl is the recruitment of telomerase to telomeres, via
binding to TLC1 and Cdc13, which in turn binds to single-stranded telomeric DNA (Qi
and Zakian 2000; Pennock et al. 2001; J. Zhou et al. 2000; Seto et al. 2002). Est1 also
has an “activation” function for telomerase activity: The essential recruitment function of
Estl can be bypassed by fusing Cdc13 with Est2, but the presence of Estl in this setting
leads to much longer telomeres, suggesting that even a such telomere-tethered telomerase
is much more active in presence of Estl (Evans and Victoria Lundblad 1999). The nature
of this “activation” step is not well understood, but Est] has been shown to be capable of
promoting G-quartet formation of telomeric substrates in vitro (Zhang et al. 2010).

Although Estl is not required for telomerase activity in vitro, addition of purified Estl



has been shown to increase telomerase activity (DeZwaan and Freeman 2009). This is not
due to the recruitment function of Estl, as this role requires Cdc13, but it is not clear
whether this is due to the G-quartet formation of the substrates. The non-recruitment
function of Estl will be investigated in Chapter 3.

Est3, whose main function still remains unclear, is thought to play a role in the
processivity of telomerase. Est3 from the budding yeast S. castellii increases telomerase
activity in vitro (Lee et al. 2010). Telomerase from S. castellii, unlike the telomerases of
S. cerevisiae and K. lactis, has a highly processive, multiple-repeat addition mode of
telomerase activity in vitro (Cohn and E H Blackburn 1995). It also has been suggested
that Est3 protein has RNA-DNA helicase and GTPase activities (Y. S. Sharanov et al.
2006; Shubernetskaya et al. 2011). Est3 can bind to Est1 and Est2 independently in vivo,
but its recruitment to telomeres is dependent on all three factors Estl, Est2, and TLC1
(Tuzon et al. 2011).

Cdc13 is a sequence-specific, single-stranded telomeric DNA binding protein
(Nugent et al. 1996). Cdc13 forms a complex with Stnl and Ten1, and this complex is
thought to play a role equivalent to the RPA complex during DNA replication (Gao et al.
2007). Cdc13 physically interacts with Estl, and this interaction is essential for
telomerase recruitment to telomeres (Qi and Zakian 2000; Pennock et al. 2001). The
telomerase recruitment function of Cdc13 is not passive, but rather cell-cycle dependent
phosphorylation of Cdc13 modulates its ability to recruit telomerase (S. Li et al. 2009).

The recruitment functions of Estl and Cdc13, and protein-protein interactions

among these essential telomerase factors, have been studied in detail, mainly through in

10



vivo experiments; however, the mechanisms by which these proteins promote and
activate telomerase activity at telomeres are less well studied. We will attempt to probe

some of these questions in Chapter 3.

Telomerase Dimerization
As described above, telomerase is minimally composed of its protein catalytic component
and the telomerase RNA. Indeed, in vitro, these are the only two components that seem to
be required for telomeric substrate extension by telomerase in a template RNA-dependent
manner. Human, yeast, and Tetrahymena telomerases have all been inferred to be active
as a monomer in vitro (Alves et al. 2008; Shcherbakova et al. 2009; Bryan et al. 2003).
However, there are many reports of telomerase complex existing in a dimeric or
potentially even oligomeric form -- in yeast, Euplotes, and human (John Prescott and
Elizabeth H. Blackburn 1997; L. Wang et al. 2002; Beattie et al. 2001; Wenz et al. 2001).
A recent report (unpublished) of a single-molecule electron microscopic structural
determination of human telomerase indicated that this RNP telomerase (a complex of
hTER plus hTERT) was a dimer held together by interactions involving the RNA
portions of the RNP complex (D. Rhodes, personal communication). The main goal of
this thesis at the outset of this work was to ascertain whether telomerase does indeed exist
in dimeric form and if so, whether the dimeric form plays an important role in telomere
maintenance.

Many biomolecules form dimers or higher oligomers. Prominent examples

include the replicative DNA polymerase complex of eukaryotes and prokaryotes, in
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which synthesis at leading and lagging strands are coordinated; DNA binding proteins
that dimerize to increase specificity and to cooperatively bind DNA; DNA damage
signaling protein, ATM, in which dimerization auto-inhibits its phosphorylation activity
(Bakkenist and Kastan 2003). In addition, HIV-1 reverse transcriptase heterodimerizes;
the HIV-1 RT is a close relative of the reverse transcriptase domain of the TERT subunit
core component of telomerase. These are only a few of many such examples. These
examples led us to postulate the following non-mutually exclusive models for the role of
telomerase dimerization: 1. Telomerase dimer extends two telomeres simultaneously.
Chromosomes are replicated before telomerase acts, and both the leading and lagging
strands can be extended by the dimeric telomerase. 2. Telomerase dimer is required for
processive replication of telomeres. Telomerase must disengage the DNA substrate after
each round of copying the template, and this repeat processivity may be facilitated by two
catalytic sites and/or two templates within a single dimeric complex of telomerase. 3.
Telomerase oligomeric state may act as a switch or modulate its own activity. 4.
Telomerase has non-catalytic function in dimeric form, such as capping of telomere ends.
In addition to the core telomerase components, Est3 and Cdc13 have been shown
to dimerize (C.-P. Yang et al. 2006; Sun et al. 2011). Although the Est3 dimerization in
vitro has been originally reported to be likely too weak for in vivo dimerization (C.-P.
Yang et al. 20006), a recent study has shown that the K, can be increased two orders of
magnitude in the presence of magnesium ions (Malyavko et al. 2010). Whether these

factors contribute to the dimerization of telomerase complex has not been studied.
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HIV-1 reverse transcriptase heterodimer

The HIV-1 reverse transcriptase is the structurally closest known relative to the RT
domain of telomerase, and is found as a heterodimer of p66 and p51 subunits; the p51
subunit is the proteolytically truncated version of p66 (di Marzo Veronese et al. 1986).
The full-length p66 contains the RNase H and reverse transcriptase domains, and the
RNase H domain is cleaved off to make p5S1. Hence, the HIV RT complex has three
catalytic sites: one RNase H and two reverse transcriptase sites. However, many studies
show that only the reverse transcriptase catalytic site on p66 is active (Lowe et al. 1988;
N. Cheng et al. 1991; J. C. Wu et al. 1991). The HIV RT has two conformations, open
and closed. Both p66 and p5S1 monomers have the closed form, and the formation of the
open form of p66 requires its heterodimerization with pS1, while the p66-associated p51
RT remains in the closed conformation (J Wang er al. 1994). Although the RT domains
of HIV-1 RT and telomerase are very similar, telomerase is distinct in that it has no
RNase H domain, and instead has the RNA binding domain important for binding
telomerase RNA. As described above, this RNA binding domain interacts with the C-
terminal domain to form a closed conformation of the RT, and the crystal structure of the
red flour beetle TERT (with or without a small RNA-DNA duplex bound in the putative

active site) shows no dimerization (M. Mitchell et al. 2010).

Yeast telomerase dimerization

The initial discovery and inference of potential telomerase dimerization came from a

special template mutation in yeast telomerase RNA, TLC1. A 3-base GUG substitution
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mutation was introduced at various sites within the 14-base template such that each such
triplet mutation within the template resulted in a GTGCAC palindromic telomeric
sequence being synthesized by telomerase. One such mutant, tflc/-476gug, had no
detectable telomerase activity in vitro or in vivo (J Prescott and E H Blackburn 1997).
This was unusual for a template mutation, which generally is simply copied or leads to
misusage of the template, not inactivity.

More importantly, the inactive template in t/c/-476gug regained its ability to be
copied by the telomerase when a wild-type TLC1 was co-expressed, showing that there is
some type of a functional interaction between the mutant and the wild-type TLC1 (J
Prescott and E H Blackburn 1997). In addition, an extension product made by telomerase
using a biotinylated telomeric DNA primer substrate that can only be extended by a wild-
type template was able to pull down an untagged telomerase reaction product that was
extended specifically by the tlc1-476gug telomerase, suggesting that the wild-type and
mutant templates of TLC1 RNAs are physically associated (John Prescott and Elizabeth
H. Blackburn 1997).

No evidence of telomerase RT dimerization itself has been reported, although as
described above, the recent report of electron microscopic single-particle structural
determination results indicated a human telomerase dimer consisting of two telomerase
RNP subunits, held together by the RNA. In personal communications, however, yeast
two-hybrid and co-immunoprecipitation assays have been reported to give no positive

indications for dimerization.
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Human telomerase dimerization

Many studies have taken advantage of the in vitro transcription and translation systems,
which can produce active human telomerase, to test for human telomerase dimerization.
Several of studies have shown that N-terminal and C-terminal regions of the hTERT can
interact, including a study in Euplotes (Beattie et al. 2001; Moriarty et al. 2002; Moriarty
et al. 2004; Arai et al. 2002; L. Wang et al. 2002). These results were taken as evidence
of telomerase dimerization; however, the telomerase complex formed in these in vitro
systems may not be properly folded in a physiologically-relevant form. The crystal
structure of red flour beetle clearly shows that the N-terminal and C-terminal domains
interact to form a ring-like structure with a significant surface region of contacts (M.
Mitchell et al. 2010). In addition, the TEN domain of the human reverse transcriptase,
which is missing in the crystal structure, has been shown to be able to promote repeat
addition processivity in trans, but much less effectively than in cis (Robart and Kathleen
Collins 2011). These intramolecular interactions can facilitate intermolecular interactions
when the proteins are not folded correctly. The same argument can be applied to studies
in which full-length hTERT was tested (Armbruster et al. 2001; Wenz et al. 2001).

There are some published studies that are notable exceptions, in which telomerase
was prepared from HeLa cells, several immortalized cell lines, and primary dermal
fibroblast cultures (Wenz et al. 2001; Cohen et al. 2007; Errington et al. 2008). When the
size of the recombinant telomerase made in insect cells and native telomerase complex
purified from HeLa cells were compared in a gel filtration assay, they showed the same

profile (Wenz et al. 2001). However, this study was only able to conclude that there are
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two hTER molecules per complex, not necessarily two active sites. Cohen et al. were
able to isolate telomerase complex to purity from several immortal cell lines in its
enzymatically active form by a clever biochemical method, in which the relatively stable
binding of telomerase to its telomeric substrate was utilized to specifically affinity-purify
active telomerase complexes. The purified telomerase complex was analyzed by mass
spectroscopy and size fractionation to show that active telomerase complexes contain two
copies each of telomerase RT, telomerase RNA and dyskerin (Cohen et al. 2007).
However, size fractionation of RNPs is often misleading due to their non-globular shapes,
and it is not ruled out as a possibility that an unknown RNA species is part of the active
telomerase complex, obfuscating the actual molecular weight. Lastly, human telomerase
purified from a primary dermal fibroblast cultures showed no dimerization (Errington et
al. 2008). One caveat in this study is that it is possible that in the fibroblast cultures, in
which telomerase is normally not highly expressed, telomerase dimerization naturally
does not occur, even though other cancer or stem cell populations may have factors
present that allow human telomerase to dimerize.

In addition, there are studies that show RNA-RNA interaction between two
hTERs (Tesmer et al. 1999; Ly et al. 2003). In particular, a conserved pseudoknot
structure found in telomerase RNA from Tetrahymena, yeast, and human were found to
be important for human telomerase RNA dimerization (J. Lin et al. 2004; Ly et al. 2003).
Again, these studies suffer in part from the criticism that in vitro transcribed RNA may be
aberrant in vitro, or RNAs forced to express from artificial promoters at higher than the

normal regulated levels may have aberrant biogenesis pathways in vivo. Generally, large
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RNAs require chaperons to fold properly, and for telomerase RNA, as big as it is, folding
in the in vitro setting and correctly assembling with telomerase RT may be difficult to
accomplish in commonly used methods for in vitro reconstitution assays. Hence, it is
possible that partial or abnormal folding of the telomerase RNAs allows two reverse

transcriptases to bind.

Telomerase dimerization in other organisms

The only evidence available for telomerase oligomerization in Tetrahymena shows that
telomerase is active as a monomer (Bryan ef al. 2003). As mentioned above, the N-
terminal and C-terminal regions of Euplotes telomerase have been shown to interact (L.
Wang et al. 2002). Finally, the crystal structure of the red flour beetle telomerase TERT
protein subunit shows no dimerization (A. J. Gillis et al. 2008; M. Mitchell et al. 2010).
However, as mentioned above, this structure is missing the conserved N-terminal TEN
domain, which may be important for dimerization of telomerase, and is missing the full
length RNA, which was inferred to hold the human telomerase RNP dimer together in the
electron microscopic single particle structural determination (D. Rhodes, personal
communication). For these reasons, and related to the more fundamental concern that
crystal formation occurs under non-physiological conditions, we cannot rule out the
possibility that telomerase is a dimer from this crystal structure.

In summary, there are numerous experiments showing results consistent with
telomerase dimerization model, but all these experiments have alternative explanations

that do not involve dimerization of telomerase. It is not yet clear whether telomerase
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complex in vivo is dimeric, and more importantly, the functional role of such dimeric
telomerase remains unidentified. The literature in telomerase oligomerization has several
conflicts and caveats; however, there is strong evidence for: 1. Monomeric telomerase is
active (Bryan et al. 2003; Alves et al. 2008) and 2. Two telomerase RNAs can
functionally interact (John Prescott and Elizabeth H. Blackburn 1997; Wenz et al. 2001).
The main challenge here is to verify the oligomeric state of telomerase and to ascertain
the functional significance of interacting telomerase RNAs in monomeric or dimeric
telomerase complex. Chapter 2 will mainly focus on the physical dimerization of yeast
telomerase RNA, TLCI. In this Chapter, this dimerization is inferred from TLC1-TLC1
intermolecular interaction (direct or indirect) quantified in extracts of cells expressing
normal amounts of telomerase RNA, from the endogenous 7LC/ chromosomal locus. In
Chapter 3, we will attempt to find the basis for the functional interaction of the template
region of 7LC! in enzymatically active telomerase. We have increasing evidence for the
importance of interacting telomerase RNAs during the steps taken to form an active
telomerase complex. The following sections will discuss these relevant processes in

telomerase biogenesis and the regulation of telomerase activity.

Telomerase Biogenesis

Inability to detect dimerization of telomerase in most cases may be due to its transient
state, perhaps during the biogenesis of telomerase. While the fully active telomerase may
be in a monomeric form, it is possible that telomerase is dimeric at one or more assembly

steps potentially as a regulatory mechanism (e.g. auto-inhibition in dimeric form).
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There have been several studies probing steps required for building a functional
telomerase. While there is much known about the steps required for maturation of
telomerase components, the exact order and locality of each step have remained elusive.
The major hurdle in understanding these mechanisms and localizations has been the low
expression level of telomerase components. There are only about 40-80 copies of each
protein and RNA subunit of telomerase in budding yeast (Mozdy and Thomas R. Cech
2006), thereby often requiring these studies to use overexpression of components under
study.

There are no reports of any modification or processing of telomerase reverse
transcriptase protein in yeast. Telomerase lacks any known RNase H domain. It is worth
noting that in the HIV-1 viral reverse transcriptase dimer, the RNase H domain in one
copy is cleaved off. Also, in human cells, there are several potential internally and N-
terminally truncated telomerase RT species resulting from various alternative-splicing
events and phosphorylation of hTERT protein has also been reported (Ulaner ef al. 1998;

Saeboe-Larssen et al. 2006; J. T. Chang et al. 2006).

Telomerase RNA biogenesis

In contrast to the protein subunit, however, several steps in budding yeast telomerase
RNA biogenesis have been identified. Briefly, TLC is transcribed by RNA polymerase
I, polyadenylated, and hypermethylated at the 5° end to produce a tri-methyl G cap, and
the 3’ end region including the polyadenine tract is cleaved off to form the “mature”

TLCI RNA. TLCI1 is also shown to be shuttled between the cytoplasm and the nucleus.
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The polyadenylation sites of RNA Polymerase II transcript TLC1 are identified
(Chapon et al. 1997). The “mature,” shorter, polyA- form comprises the majority of the
steady-state level of TLC1 in the cell (Chapon et al. 1997; Mozdy and Thomas R. Cech
20006). It likely derives from a longer poly A+ precursor. The enzyme responsible for the
cleavage at the 3 end of TLC1 to produce the mature TLC1 has not been identified,
though it has been shown that Rntl, responsible for maturation of many non-coding
RNAs, is not required for this step (Larose et al. 2007; MacRae and Doudna 2007). In
asynchronous wild-type yeast cultures, only ~4-8% of TLCI are in the polyA+ form
(Mozdy and Thomas R. Cech 2006). The fraction that is polyA+ becomes much higher
when TLCl is overexpressed, indicating that TLC1 cleavage machinery may be limiting
and that it is consistent with a precursor-product relationship between the longer, polyA+
form and the shorter, mature form of TLC1 (Mozdy and Thomas R. Cech 2006). This
cleavage also seems to be only efficient during G1 phase of cell cycle, as cells arrested in
S or G2/M phase show accumulation of the polyA+ form (Chapon et al. 1997).

There is an Sm-protein binding site near the cleavage site at the 3’ end (Seto et al.
1999). Sm proteins form a seven-member protein complex that wraps around an RNA
strand in a ring, and they are best known for their roles in processing spliceosomal RNAs.
When the Sm site is mutated on TLC! (tlc1-Sm), the steady-state level of TLC1 is
significantly reduced, and no polyA- form is detectable (Seto et al. 1999). However, the
cells expressing tlc1-Sm™ do not senesce, unlike deletion of TLC1, though telomeres are
much shorter in these cells (Seto et al. 1999). This indicates that 3’ processing of TLCI is

not essential for telomerase activity but is required for the full stable steady-state level.
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In addition, TLC1 associated with telomerase is hypermethylated (trimethyl-G or
TMG) at the 5’ end (Franke et al. 2008); this TMG cap is shown to be put on by Tgs1
(Franke et al. 2008). In cells lacking Tgs1, TLCI is not hypermethylated and accumulates
in the nucleolus (Gallardo et al. 2008). Whether this is due to TMG requirement for
export or assembly with telomerase is unclear. Hypermethylation of TLCI is also not
required for telomerase activity, as telomeres are slightly longer than the wild-type in
length in #gs/ A cells (Franke et al. 2008).

While several studies have shown via heterokaryon assays that TLCI is exported
out of and reimported into the nucleus, the importance of shuttling between the nucleus
and cytoplasm is unclear (Ferrezuelo et al. 2002; Teixeira et al. 2002). Normally, TLC1
is mostly found in the nucleus. When other telomerase holoenzyme components are
missing (in estl A, est2A or est3A strains), TLCI is distributed both in the nucleus and
cytoplasm (Gallardo et al. 2008). Overexpression of Estl and Est2 can rescue the mis-
localization of TLC1 in est2A and est] A cells, respectively. This suggests that either
TLCI forms a complex with Estl, Est2 and Est3 in the cytoplasm and that this step is
important for reimport; or that TLC1 retention in the nucleus requires TLC1 association
with Estl, Est2, and Est3. The same phenomenon is observed when the Ku complex is
deleted (Gallardo et al. 2008). It is possible that the Ku complex is also required for the
nuclear retention of TLC1 rather than for reimport.

In addition to the deletion of factors that are directly bound to TLCI1, the loss of
Tell and the MRX complex, which are required for the preferential recruitment of

telomerase to the shortest telomeres, leads to TLC1 leaving the nucleus, albeit to a lesser
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degree than the loss of Estl, Est2, or Est3 (Gallardo et al. 2008). Tell and the MRX
complex are thought to direct the telomerase complex to telomeres indirectly (i.e. not via
direct physical interaction), which suggests that the TLCI retention in the nucleus is an
active mechanism that Tell and the MRX complex control, rather than a passive
sequestration mechanism.

Mtr10 is a karyopherin/importin, required for import various complexes,
including snRNAs and tRNAs (Murthi ez al. 2010). The deletion of MTR10 results in
very short telomeres (Ferrezuelo et al. 2002). While there is no evidence that TLC1 is
directly bound to Mtr10, TLC1 localization distributes throughout the cell, and the
steady-state level of TLC1 is substantially reduced in m#r10 strains (Ferrezuelo et al.
2002). In addition, 3’ processing of TLC1 is abrogated, leaving all of TLCI in the
polyA+ form. The phenotype of mtrl0A is very similar to that of tlc/-Sm” (Sm-protein
binding site mutation). However, all other Sm protein dependent snRNAs are at normal
levels, suggesting the defect may be specific to TLCI1 (Ferrezuelo et al. 2002).

In Chapter 2, we show that TLC1 dimerization is one of the steps during the

TLCI1 biogenesis.

Telomerase holoenzyme assembly

It is unclear, both in humans and in yeast, when and where the meeting of telomerase RT
and telomerase RNA occurs. Over-expression of telomerase RT (Est2) and Estl both
result in their accumulation in the nucleolus when they are tagged with GFP;

overexpression of TLC1, however, forces nucleolar foci of Estl- and Est2-GFP to diffuse
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throughout the nucleus (Teixeira et al. 2002). This suggests perhaps the protein
components remain in the nucleolus until telomerase holoenzyme is assembled there.
However, because of the overexpression condition, this may be due to nonspecific
consequence of overloading telomerase assembly pathway.

Similarly in human cells, telomerase RT and telomerase RNA are observed to
colocalized in the Cajal body, a region concentrated with ribosomal RNAs (Zhu et al.
2004; Tomlinson et al. 2008). The colocalization of hTR and the Cajal body requires
hTERT and is not observed in telomerase-negative cells; ectopic expression of hTERT
can induce hTR localization at Cajal body (Zhu et al. 2004). The hTERT and hTR
localizations are both cell cycle regulated (Tomlinson et al. 2006). During the G1/G2
phase, hTERT is found in the nucleolus, as it is in yeast. In the early S-phase, both
hTERT and hTR colocalize in the Cajal body, though whether they are fully assembled at
this point is unclear. During the mid- to late-S phase, hTERT, hTR, as well as Cajal body
colocalize with telomeres (Tomlinson et al. 2006). The telomerase holoenzyme is
presumably assembled, as this is when telomerase is active.

In both human and yeast cells, PinX1, a nucleolar protein, has been shown to bind
telomerase RT (X. Z. Zhou and K. P. Lu 2001; J. Lin and Elizabeth H. Blackburn 2004).
Deletion of segments of the EST2 gene indicated that PinX1 binds to the telomerase RT
in the same region that is required for telomerase RNA binding to the telomerase RT.
Indeed, pull-down assays showed that TLC1 and PinX1 were in separate complexes and
that a given telomerase RT molecule is not associated with PinX1 and telomerase RNA

simultaneously (J. Lin and Elizabeth H. Blackburn 2004). The accumulation of
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overexpressed Est2 in the nucleolus may therefore be explained by this PinX1
interaction.
In Chapter 2, we show that the telomerase holoenzyme assembly is not an

absolutely necessary step for TLC1 dimerization.

Regulation of Telomerase Activity

Dimerization of telomerase might hypothetically act as a switch in regulation of
telomerase activity. Any number of factors controlling telomerase activity may be
facilitating dimerization or disruption of dimerization. Therefore, telomerase activity
regulators make good candidates for factors important in controlling the oligomeric state
of telomerase.

Telomerase acts at telomeres, or at the ends of chromosomes. Sometimes,
however, a double strand break can mimic ends of chromosomes. Addition of telomeres
at these breaks is deleterious as it results in a chromosomal fragment without a
centromere. Through various regulatory mechanisms distinguishing double-strand break
from natural telomeres, including Pif1 helicase (Schulz and Zakian 1994; Makovets and
Elizabeth H. Blackburn 2009), telomerase recruitment and activity are inhibited at double

strand breaks.

Cell cycle-dependent regulation of telomerase

While levels of Est2 and TLC1 remain similar throughout the cell cycle, Estl, an

essential cofactor, is tightly cell cycle regulated at both the mRNA and protein levels.
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Rntl, an RNA nuclease, controls the amount of ESTI mRNA (Larose et al. 2007). The
Estl protein level is also regulated proteolytically (Osterhage et al. 2006). These
processes lead to the presence of Estl at telomeres specifically at the late S and G2/M
phase (Taggart et al. 2002). This coincides with, and may create, the window of
opportunity in which telomerase can act at telomeres.

Additionally, Est2 association with telomeres is cell cycle-regulated (Chan e? al.
2008). During the G1 phase of the cell cycle, Est2 is physically recruited to telomeres in a
manner that requires TLC1-Ku interaction, while Est1-TLC1 interaction is required for
Est2 to be physically recruited to telomeres during the late S and G2/M phases (Taggart
et al.2002; Fisher et al. 2004). While these experiments show the TLC1 requirement for
Est2 localization to telomeres, it remains to be tested whether TLC1 can localize to
telomeres in the absence of Est2.

Estl’s role in telomerase activation does not seem to be limited to recruitment.
When Est2 is fused to Cdc13, Estl becomes dispensable for recruitment of telomerase to
telomeres (Evans and Victoria Lundblad 1999). However, when Estl is expressed in cells
expressing Cdc13-Est2 fusion, the telomere lengths are significantly longer than when
Estl is not expressed (Evans and Victoria Lundblad 1999). Additionally, in vitro, Estl
promotes the G-quartet formation of telomeric substrates, which in turn allow more
efficient extension by telomerase (Zhang et al. 2010). These attributes are defined as
Estl’s activation function, and mutations in EST/ specifically affecting either recruitment
or activation as defined by these assays have been reported (Evans and Victoria Lundblad

2002). One of these activation mutants was also shown to be lacking in the ability to
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promote processivity that was seen with wild-type Estl in in vitro telomerase activity

assays (DeZwaan and Freeman 2009).

Telomerase activity and telomere length regulation

In yeast, it is estimated that telomerase only acts on ~10% of telomeres in any one cell
cycle (~3-4 telomeres per haploid cell; Teixeira et al. 2004). At telomeres shorter than
100 bp, the length and the frequency of telomerase-dependent telomere extension are
significantly more than at longer telomeres (Teixeira et al. 2004). This increased
telomerase activity at short telomeres is largely attributed to the increase in the
processivity of telomerase; telomerase has been shown to be not processive in vivo at
telomeres greater than 100 bp in vitro (M. Chang et al. 2007; John Prescott and Elizabeth
H. Blackburn 1997). This is intriguing as it suggests that there may be two distinct forms
of telomerase in vivo: processive and non-processive. This raises the possibility that the
distinction could be the oligomeric/dimeric state of telomerase. In addition, telomerase is
recruited to shorter telomeres preferentially (Sabourin ef al. 2007). This is dependent on
Tell, a signaling protein kinase that promotes telomerase-dependent telomere length
maintenance, and Rifl and Rif2, negative regulators of telomere length that interact with
the telomeric DNA binding protein Rap1 (Sabourin ef al. 2007). The mechanisms by

which these proteins direct telomerase preferentially to short telomeres are still unknown.

Whether or not the increased extension of telomeres at shorter telomeres is due
mechanistically to an increase in processivity in the classic sense or simply to more

frequent events of telomerase visiting shorter telomeres, Estl and Est3 have each been

26



suggested as the relevant processivity factor. It is possible that Estl, Est3, or both are
involved in the regulation of telomerase dimerization, which in turn can regulate the

processivity of telomerase.

Overview of the Work Described in This Thesis

The main goal of the work described here is to explore the telomerase dimerization model
and to identify the functional significance of telomerase dimerization. The initial attempts
at examining the Est2-Est2 interactions are omitted, as we found no positive evidence for
this interaction; in hindsight, the lack of positive interaction is consistent with the model
we propose in Chapter 2.

In Chapter 2, we show evidence for physical dimerization of TLC1. We found
two classes of TLC1 dimers and two modes by which TLC1 can dimerize. One class of
TLCI dimer was sensitive to protease treatment, and another (possibly overlapping) class
was sensitive to high concentration of anti-sense oligonucleotides. The Ku complex
association with TLC1, as well as the silent information regulator protein Sir4, but not the
classic silencing via heterochromatin formation, is critical in one of the modes of TLC1
dimerization. The other mode requires the 3’ region of TLCI that is cleaved off in the
mature version of TLC1. Surprisingly, TLC1 dimerization was not substantially affected
by the essential telomerase components, although some partial dependence was
quantifiable. We also show that Est2-Est2 interaction is not stable enough in vitro to be

observed by the methods applied in this work.
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In Chapter 3, we explore the functional interaction of 7LC/ templates. While this
study uses a particularly specialized mutation, tlc1-476gug, it allowed us to uncover
important functions of Estl and Est3 in “activation” of telomerase activity. This
activation model proposes that the physical dimerization of TLC1, shown in Chapter 2,
creates a physical obstacle for telomerase activity and may act as a regulatory step. We
will also attempt to resolve the disparity in the assessment of the oligomerization state of
telomerase from these experimental setups.

Finally in Chapter 4, we will summarize the findings in Chapter 2 and Chapter 3
to form a cohesive picture of the nature of telomerase oligomerization. Furthermore, we
will attempt to reconcile the differences and controversies, as well as consistencies, of
our findings with the previously proposed models. Implications for the model we propose

and the future directions will be discussed.
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Chapter 2: TLC1 Dimerization Is a Telomerase Biogenesis Step

Tetsuya Matsuguchi and Elizabeth H. Blackburn
Department of Biochemistry and Biophysics

University of California, San Francisco

San Francisco, CA 94158

Results

The 3’ region of TLC1 is important for TLC1-TLC1 interaction

A previous study by Gipson et al. has identified a palindromic sequence at 3’ end of
TLCI only present in the immature form of TLC1 that is required for TLC1-TLC1
dimerization in vitro. This region has been shown to be critical for maintaining wild-type
telomere length in vivo (Gipson et al. 2007). To directly test whether this region leads to
TLCI1 dimerization in vivo, we developed a co-immunoprecipitation (colP) assay using
lysed yeast cell extracts to detect TLC1-TLCI interaction. A tandem pair of RNA
hairpins that specifically bind to MS2 Coat Protein was inserted at the Bcll restriction site
of TLCI, a region that has previously been shown to accommodate insertions of modular
protein binding domains (Bernardi and Spahr 1972; Zappulla and Cech 2004) (Figure 2-
1A). This insertion of the RNA hairpins (TLC1-MS2) resulted in a stable and slightly
shorter telomere length compared to wild-type.

TLCI1-MS2 was co-expressed along with untagged, wild-type TLC1 from the

endogenous locus. MS2 Coat Protein was fused to 3xMyc tag and was expressed from
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the CYCI promoter in experimental strains. Generally, we found that 50-80% of the
tagged TLC1-MS2 is immunoprecipitated by this method, and about 10% of TLC1 is
present in a TLC1-TLC1 dimeric form in vivo (Figure 2-1B, see Materials and Methods
for calculation). To ensure that there are no transcripts containing both TLC1 and TLC1-
MS?2 in the same molecule expressed from the genomic locus (two copies are in tandem
flanking a URA3 marker), TLC1-MS2 was also expressed from a CEN-ARS plasmid.
Regardless of the loci, both TLC1 and TLC1-MS2 were expressed at similar levels to
wild-type strains (Figure 2-1C), and the colP of untagged TLC1 did not change (Figure
2-1D).

Mutations that disrupt the evolutionarily conserved palindromic sequence that
allows predicted intermolecular base pairing were reported to abrogate in vitro
dimerization (Gipson et al. 2007). These same mutations were incorporated into the
strains also expressing TLC1-MS2. The separate mutations reduced TLC1-TLCI colP by
half, although the compensatory mutations predicted to restore the TLC1-TLC1 base-
pairing did not restore TLC1-TLC1 colP, unlike the finding previously reported in vitro
(Figure 2-2A).

The TLC1 gene region containing the palindromic sequence mutation
encompasses a 3’ extension of TLC/ RNA that is normally cleaved off to form the
mature, major form of TLC1, with only 2-4% of TLC1 in the cells being in the longer,
presumably immature form (Chapon et al. 1997; Mozdy and Cech 2006). Because 8-12%
of TLC1 is in the dimer form, most of the TLC1 in dimeric form must be the cleaved

form of TLC1. However, because this 3’ extension region is important for TLC1-TLC1
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colP, we tested whether the immature form is enriched in the co-immunoprecipitated
TLCI. Neither the TLC1-MS2 nor the untagged TLC1 was enriched with the immature
form in the immunoprecipitate and co-immunoprecipitate (Figure 2-2B). These findings,
together with reduction in colP caused by mutating the 3’ region downstream of the
cleavage site producing the mature form of TLC1, suggest that the dimerization of TLC1
initializes in the immature form, possibly in the 3’ extension region, and persists after the

cleavage of the 3’ end.

Identification of regions important for TLC1-TLC1 dimerization

Gipson et al. previously suggested that the palindromic sequence at the 3’ region may act
as “kissing loop” to initiate base-pairing of two TLC1 molecules. In other RNA-RNA
interactions, such trans-base-pairing can extend beyond the site of the original kissing
loop contacts, as found for example in the ColE1 plasmid replication-regulating RNAI
and RNAII. However, we note that unlike TLC1 molecules, the RNAI and II ColE1
RNAs s are anti-sense, and thus can undergo much more extensive base-pairing than TLC1,
by “zipping up” between the two molecules after the kissing-loop interaction has initiated
(Tomizawa 1984). Nonetheless, in order to test whether the TLC1-TLC1 interaction
measured by colP is held together by intermolecular base-pairings that is similarly
initiated within the 3’ extension region but then spreads to regions within the cleaved
mature TLC1, DNA oligonucleotides were used to attempt to disrupt the base-pairing.
We designed 72 DNA oligonucleotides, 30 bases in length, complementary to the full-

length of TLC1 and also including the 3’ region of the immature TLC1 that is cleaved off
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in the mature form. These oligonucleotides were added to the wash buffer during the
washing step of immunoprecipitation (see Materials and Methods). As a control, 72 DNA
oligonucleotides designed against other regions of the genome were used. We observed
that when all 72 oligonucleotides against 7LC/ were incubated with the
immunoprecipitates, about 30% of untagged TLC1 remained on the beads (Figure 2-3A).
The amount of MS2-coat protein binding site-tagged TLC1 remaining on the MS2 coat-
protein beads did not appreciably change, suggesting that the disruption by
oligonucleotides was specific to TLC1-TLC1 interaction. This disruption can be through
a direct competition of base-paired regions between two TLC1 RNAs or also through an
unwinding of some structural elements of TLC1.

To further probe the regions and structures important for holding TLC1 molecules
in a dimer, different subset of oligonucleotides were used in the same experimental setup.
The 72 oligonucleotides were subdivided into thirds and ninths, and each region was
probed separately, and the level of TLCI that remained in the dimer form was measured
(Figure 2-3B). In all experiments, the concentration of each oligonucleotide was kept
constant. The oligonucleotides directed to the first third of TLC1 did not significantly
reduce the colP of the untagged TLCI (Figure 2-3B, Row 2). While the second and third
interval oligonucleotides had the greater effect on disrupting TLC1 dimerization, each of
the thirds individually disrupted the dimerization at a significantly lower level than when
all oligonucleotides were included. Even adding up the effect from each of the three
regions was not enough to explain the whole effect, suggesting that there is a synergistic

effect in adding all oligonucleotides. Similarly, probing the TLC1 dimer with each of the
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one-ninth regions had small effect, especially in the 5’ regions of TLC1 (Figure 2-3B,
Row 3). The most effect was seen at the 3’ end, where only two oligonucleotides were
complementary to the mature form of TLC1, and the rest of the six oligonucleotides were
complementary to the un-cleaved, immature form of TLC1. This suggested that the 3’

end is either most critical or most vulnerable to the disruption of TLC1 dimerization.

Dimerization is cell cycle-requlated

The dependence of the TLC1 dimerization on the 3’ region not present in the mature
TLCI suggested that dimerization initiates before the 3’ regions is cleaved. A previous
study has shown that cells arrested in S and G2/M phase accumulate immature TLC1,
while alpha-factor arrested cells show no accumulation of immature TLC1 (Chapon et al.
1997). This suggests that mechanisms required for TLC1 processing is not active during
S and G2/M phase (Chapon et al. 1997). To test whether TLC1-TLC1 association was
cell cycle-controlled, yeast lysates were prepared at 15-minute intervals from cells
following a release from the alpha-factor arrest. Cell cycle progression and synchrony
was confirmed by analysis of the cyclin mRNA levels throughout the time course (Figure
2-4C).

During the first cell cycle after the release from the alpha-factor arrest, the
fraction of TLC1 in dimer form remained relatively constant (Figure 2-4A). The colP
assay on these samples showed an increase in TLC1 dimerization after mitosis, as the cell
population re-entered the next G1 phase after the first cell cycle following release. This is

consistent with the model suggested above, that TLC1 dimerization occurs during the
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biogenesis of telomerase complex, a process that is active only during G1 phase. As
previously reported, TLC1 levels did not change significantly in a cell-cycle dependent

manner (Figure 2-4B).

TLC1 dimerization depends on nuclear export factors

TLCI RNA is an RNA Polymerase II transcript that is polyadenylated and trimethyl-G
capped at its 5° end by Tgs1 (Chapon et al. 1997; Franke et al. 2008). Co-
immunoprecipitation assays on 7gs/A showed that this cap is only slightly important for
dimerization of TLC1 (Figure 2-5A), which is consistent with the slightly longer than
wild-type telomere length of 7gs/ A, suggesting that the cap does not play a major role in
TLCI1 biogenesis or telomerase activity (Franke et al. 2008). At some stage during its
biogenesis, TLC1 is exported into the cytoplasm and re-imported back into the nucleus.
Nup133 is a subunit of the nuclear pore complex, and it is required for the export of
polyadenylated RNAs. When the NUP133 gene was deleted, the TLC1 dimerization was
reduced by more than half (Figure 2-5A).

Once TLC1 is exported, it is thought to interact with other telomerase components,
Estl, Est2, and Est3, before it is re-imported back in the nucleus (Gallardo et al. 2008). In
the absence of Estl, Est2, and Est3, TLC1 is diffused throughout the cell instead of
localizing in the nucleus. The Ku complex is also required for the nuclear localization of
TLC1 (Gallardo et al. 2008). To test, initially, whether nuclear localization or reimport is

required for TLC1 dimerization, colP assays were carried out in est/ A, est2A, est3A,

vku70A, and yku80A strains. There was a modest reduction of TLC1 dimerization in
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estlA, est2A, and est3A, and strikingly, more than half of TLC1 dimerization was lost in

vku70A and yku80A (Figure 2-5B). It is not clear from this set of data whether nuclear
reimport is necessary for TLC1 dimerization, as defects in these mutants may be related

to nuclear retention or reimport of TLC1.

TLC1 dimerization is held together by proteins

The Ku complex binds to TLC1 directly (Stellwagen et al. 2003). To test whether TLC1
dimerization is held together by the Ku complex or any other protein, sensitivity of TLCI
dimerization to protease treatment was tested. The whole lysate was treated with
magnetic bead-bound trypsin, which allows the removal of trypsin before
immunoprecipitation. The condition used for trypsin treatment resulted in precipitations
in the lysate, but enough TLC1 remained in the solution for immunoprecipitation.
Trypsin- and mock-treated lysates were incubated with MS2 coat protein bound to
magnetic beads for the immunoprecipitation. Pre-treating the whole lysate with trypsin
resulted in ~40% reduction in the colP of untagged TLC1 (Figure 2-6), suggesting that

there are some protein factors that are holding 7LC1 RNAs together.

Ku and Sir4 are required for TLC1 dimerization

Ku has many functions in the regulation of telomeres in yeast, including recruitment of
telomerase to telomeres, recruitment of telomeres to nuclear periphery, and silencing at
telomeres. Although there is no evidence that Ku plays a role in biogenesis of TLC1, Ku

binds directly to the stem-loop structure in TLC1 (Stellwagen et al. 2003). To test
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whether the Ku complex binding to TLC1 is required for TLC1 dimerization, yku80-135i
allele was tested for its ability to support TLC1 dimerization. The small insertion in
vku80-135i results in abrogation of TLC1-Ku interaction, but this mutant Ku complex
retains all the other known in vivo functions of the Ku complex. This mutation disrupted
the TLC1 dimerization to the same extent as the deletions of YKU70 and YKUS0 (Figure
2-7B), showing that Ku-TLCl interaction is necessary for the TLC1 dimerization
function of Ku.

The deletion of the Ku complex as well as yku80-135i mutation result in a marked
reduction in steady-state level of TLCI1 (~50%; Figure 2-7A). To test whether the
reduction in TLC1 dimerization is due solely to the reduced level of the steady-state
TLCI level, CTR9 and CDC73 genes, that are part of the Paf1 complex important for
TLC1 expression, were deleted (Mozdy et al. 2008). These deletions each resulted in a
reduction of the total TLC1 level down to ~20-25% of the wild-type TLC1 level, but the
fraction of TLC1 in dimeric form did not appreciably change from that of the wild-type
strain (Figure 2-7). Additionally, the deletion of EST2 did not have as much effect as the
deletions of Ku in TLC1 dimerization, but the amount of TLC1 is reduced to a similar
extent in est2A cells as the Ku mutants (Figure 2-5B and see Appendix 2).

To determine whether any of the processes in which the Ku complex participates
are important for TLC1 dimerization, colP assays were carried out in strains deleted for
ESC1 and CTF 18 (telomere tethering to nuclear periphery; Taddei et al. 2004; Hiraga et

al.2006); and SIR2, SIR3, and SIR4 (telomere silencing; Boulton and Jackson 1998)

genes. Both esc/A and ctf18A cells showed modestly lower fraction of TLC1 dimers,
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while sir2A and sir3A had no effect on TLC1 dimerization. Surprisingly, sir4A showed a
TLC1 dimer fraction as low as that of yku80-135i. Thus, telomere silencing is clearly not
required for TLC1 dimerization, because sir2A and sir3A had the wild-type levels of
TLCI dimers. The only known Sir4 function that is unique from the other members of the
Sir complex is its role in telomere binding near the distal tip. The Ku complex is also
thought to bring the telomerase to the telomere near the distal tip, and the Ku complex is
known to physically interact with Sir4 (Tsukamoto et al. 1997). This led to the question
of whether the Ku complex and Sir4 are acting together in the same pathway for TLC1
dimerization. Indeed, when yku80A or yku80-135i was combined with sir4 A, there was

no further reduction in the TLC1 dimer fraction (Figure 2-8A).

Ku/Sir4 and the 3’ region promote TLC1 dimerization in different modes

To test whether Ku and Sir4 promote TLC1 dimerization through interacting with the 3’
region of TLC1, sir4A and yku80A were combined with the 3’ mutation tlc/-42G. When
the mutations were combined, the fraction of TLC1 in the dimer form was further
reduced, nearly down to the level of the negative control (Figure 2-8). This suggests that
TLCI1 dimerizes through the 3’ region of TLC1 at least partially independently of Ku and
Sir4. While it is unknown when Ku and Sir4 are associated with TLC1, they are thought
to function at telomeres, where TLC1 is presumably already processed to the mature form
(i.e. missing the 3’ region). A process involving two separate modes of TLC1

dimerization is consistent with this model.
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The majority of telomerase RNP complexes contain only one Est2 subunit

There have been a number of studies suggesting that telomerase RNP is a dimer, with two
copies each of telomerase RNAs and telomerase reverse transcriptases. Such studies
include a recent electron microscope-single-particle structural determination of human
telomerase, which indicates a dimer containing two TERT subunits held together at the
central region of the complex by RNA regions (D. Rhodes, personal communication,
2011). It was surprising; therefore, that deletion of protein components of telomerase had
little effect on TLC1 dimerization. Est2 binding to TLC1 requires the pseudoknot
structure at the core of TLCI near the template region; the conserved sequence regions
CS3 and CS4 form base-pairs necessary for the pseudoknot (Lin ef al. 2004). When the
base pairing in these regions were mutated (¢/c/-cs3 and tlcI-cs4 mutations), TLC1
dimerization was abrogated (Figure 2-10A). When tlc-cs3 and tlc1-cs4 mutations are
combined in cis, the base-pairings and the pseudoknot structure are restored. TLC1
dimerization was also restored when the compensatory mutations are introduced (Figure
2-10A; cs3-cs4). The requirement for the pseudoknot structure is puzzling as the loss of
Est2-binding caused by these particular mutations and the deletion of EST2 do not have
the same extent of TLC1 dimerization disruption. This suggests that the pseudoknot
structure is an important feature during the biogenesis of telomerase complex.
Pseudoknot formation could be required for a proper RNA folding pathway that allows
the stable TLC1-TLCI1 interaction that is detected in our TLC1-TLC1 dimerization assay

experiments.
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TLCI1 dimerization was slightly reduced in est/ A, est2A, and est3A strains (Figure
2-5). To test whether this is due to the absence of dimeric telomerase RNP, an attempt
was made to immunoprecipitate an Est2-Est2 complex. To this end, Est2 was tagged at
the C-terminus with 3xFLAG or 13xMyc, and these constructs were co-expressed in a
diploid strain. As a positive control, both 3XxFLAG and 13xMyc were fused in a single
EST2 ORF. Lysates from these strains were subjected to sequential immunoprecipitation
(IP), anti-FLAG IP followed by anti-Myc IP. As expected, we observed a robust
enrichment of TLC1 in positive control strain containing Est2 tagged with both epitopes
(Figure 2-10B). In contrast, strains carrying Est2-3xFLAG and Est2-13xMyc showed the
same amount of TLC1 in the precipitates as the negative control that only contained Est2-
3xFLAG. While we cannot exclude the possibility that Est2-Est2 interaction exists in
vivo, the results is consistent with the model in which TLC1-TLC1 interaction is
independent of Est2 or Est-Est2 interaction. Previous study has shown that TLC1-
containing telomerase RNP has a single, stable, dominant form in vitro (Prescott and

Blackburn 1997), suggesting that telomerase complex in vitro is monomeric.

Discussion

The series of co-immunoprecipitation assay show that TLC1-TLCI interaction occurs in
vivo, complementing the in vitro study (Gipson et al. 2007). We also show that the 3’
region identified as necessary for in vifro dimerization is also important for dimerization
in vivo. However, the compensatory mutation, which restores base pairing in the 3’

region and rescues the in vitro TLC1 dimerization, does not rescue dimerization in vivo
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(Gipson et al.2007). The concentration at which the in vitro study was done is much
higher than it is in vivo; only about 40 copies of TLC1 RNA are present in the haploid
cell (Mozdy and Cech 2006). It is possible that restoration of base pairing in this region
requires a higher concentration than it is available in vivo. Alternatively, the 3’ region
may be important for binding some factors necessary for dimerization, and the rescue in

vitro was an artifact of high concentration.

The properties of TLC1 dimer

Probing the dimeric TLC1 immunoprecipitated with anti-sense oligonucleotides allowed
us to identify regions that are important for dimerization. When the entire length of TLC/
was targeted by the oligonucleotides, most of the dimerization was lost. The experiments
probing smaller regions of 7LC/ for oligonucleotide targeting resulted in disruption that
did not simply add up to the disruption when the entire length of 7LC/ was targeted. This
suggests a model reminiscent of unzipping caused by the oligonucleotides. The region
that was most affected by the oligonucleotides was the 3’ region. We propose a model in
which the 3’ region has a weaker base-pairing or tertiary structure that can be more easily
disrupted by oligonucleotide probing; once this region is “unzipped,” oligonucleotides
have better and easier access to the rest of the TLC1 dimer structure, allowing it to
disassociate further. Perhaps time course experiments with oligonucleotides targeted to
different regions added in different order can further probe potential tertiary structures

that are formed in the TLC1 dimer.
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The oligonucleotide-driven disruption left about 30% of TLC1 dimers intact;
treating the lysate with trypsin resulted in about 30-40% reduction in TLC1 dimers.
While this is only circumstantial evidence, it is possible that there are two fractions of
TLCI dimers: a fraction that is mostly stabilized by RNA-RNA interaction and a fraction
that is held together by proteins. This is consistent with the results that show two
predominant modes by which TLC1 dimerizes: through the 3’ region and through
Ku/Sir4 interaction. This should be tested by treating the lysate prepared from mutations
in the 3’ region and yku70A / ykuSOA / sir4 A with the anti-sense oligonucleotides assay

and trypsin treatment.

Formation of TLC1 dimer

As discussed earlier, the 3’ region that is required for TLC1 dimerization is cleaved off
during one of the steps of TLC1 maturation, which means this process must initiate
before or during one of the TLC1’s biogenesis steps (Figure 2-11, A and B). The
cleavage of the polyadenylated downstream 3’ region of TLC1 occurs only during the G1
phase, as evidenced by the lack of polyA+ TLC1 in alpha-factor arrested cells and the
persistence of increased levels of polyA+ TLC1 in nocodazole- and HU-arrested cells
(Chapon et al. 1997). The cell cycle-dependent increase of TLC1 dimers in G1 phase of
the cell-cycle is thus consistent with TLC1 dimerization occurring at least in part during
or before the biogenesis step in which the 3’ region is cleaved. The polyadenylated tail is
important for the stability of mRNAs. It is unknown what role polyadenylation plays in

the stability of TLC1; however, upon the cleavage of polyadenylation, TLC1
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dimerization may help with its stabilization. The lack of a higher fraction of TLCI in the
dimer form during the G1 phase immediately following the release from the alpha-factor
arrest is also consistent with dimerization formation during the biogenesis step, as in this
situation, cells have been sitting in G1 phase with active biogenesis machinery for 120
minutes at the point of release from alpha-factor. Taken together, we favor the model in
which about half of the TLC1 dimers observed in asynchronous cultures come from
TLCI1 biogenesis intermediates.

Sir4 and the Ku complex are nuclear proteins, with Sir4 concentrated around the
nuclear periphery (Huh et al. 2003). Sir4 binds the more distal end of telomeres through
its interaction with Rap1, while Sir2, Sir3, and Sir4 binding to, and heterochromatin
formation at, subtelomeres are interdependent on each other (Luo et al. 2002). This is the
only known function of Sir4 that is unique to Sir4 in the sense that it does not require Sir2
and Sir3 (Rap1-Sir4 interaction can also inhibit nonhomologous end-joining at telomeres
independently of Sir2 and Sir3; Marcand et al. 2008). The Ku complex is a DNA-end
biding complex and is also thought to bind telomeres at the distal end. Taken together, we
propose a model in which Sir4- and the Ku complex-dependent dimerization of TLC1
occur at telomeres (Figure 2-11B). While we cannot exclude the possibility that Sir4 and
the Ku complex have functions off DNA, such functions for neither protein have been
observed.

This parsimonious model for the independent roles played by the 3’ region and
Ku/Sir4 in the formation of TLC1 dimerization is also consistent with the model

mentioned above: that there are two forms of TLC1 dimers: the anti-sense
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oligonucleotide-sensitive form, especially the 3’ region, and the trypsin-sensitive form.
The apparent lack of epistatic relationship between the 3’ region and Ku/Sir4 in TLC1
dimerization is not a conundrum, as the biogenesis step can occur in the absence of
Ku/Sir4, and the cleavage of the 3’ region seems largely unimportant for telomerase RNP

formation (data not shown).

TLC1 dimerization and telomerase RNP

The oligomeric state of telomerase has been controversial for some time, with studies
supporting both monomeric and dimeric forms of telomerase in multiple organisms. Such
studies include a recent electron microscope-single-particle structural determination of
human telomerase, which indicates a dimer containing two TERT subunits held together
at the central region of the complex by RNA regions (D. Rhodes, personal
communication, 2011). Here we have shown that Est2-Est2 interaction that contains
TLCI1 does not survive immunoprecipitation assays. Previous study showed that on a
glycerol gradient, there is a single oligomeric form of TLC1-containing complex
resolvable by this method (Prescott and Blackburn 1997). Because the
immunoprecipitation condition used here is no less mild, we propose that the
predominant form of telomerase RNP contains a single Est2 (Figure 2-11C). We cannot
rule out the possibility that telomerase RNP is dimeric in vivo; however, we can say that
any Est2-Est2 interaction detectable by experiments using normal colP conditions is not
as stable as TLC1-TLC1 interaction in vitro. It remains to be seen whether telomerase

RNP in vitro contains one or two TLC1’s (Figure 2-11C). An attempt was made at
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looking at the dimerization state of TLCI in Est2 immunoprecipitates, but the amount
collected was too small to be certain that there was no dimeric TLC1 (data not shown). A
larger scale version of this experiment and another glycerol gradient experiment (or
perhaps native gel RNP fractionation, with or without prior cross-linking) with two
TLC1’s of different sizes will need to be done to answer this question.

As shown by several studies in various organisms, a seemingly monomeric
telomerase RNP has the full complement of factors necessary for its activity (Bryan et al.
2003; Alves et al. 2008; Shcherbakova et al. 2009); the functional significance of
telomerase dimerization has remained a mystery. Some of the models suggested that such
dimeric telomerase RNP may act as a switch for telomerase activity or be able to increase
processivity. Consistent with the model that there is no such dimeric telomerase RNP and
that TLC1 dimerization is mostly independent of the formation of telomerase RNP, the
TLCI dimerization level did not change during S and G2/M phases of the cell cycle, the
window in which telomerase is active in polymerization at telomeres. Furthermore,
mutating genes that modulate telomerase polymerization action on telomeres, TELI,

RIF1, and RIF2, had no effect on TLC1 dimerization (data not shown).

Functional significance of TLC1 dimerization

The mutations in Ku, Sir4, and the 3’ region of TLC1 result not only in a lower fraction
of TLC1 in the dimer form but also in shorter telomeres. This suggests that TLC1
dimerization is functionally important for telomerase activity. However, as discussed

above, TLC1 dimerization does not seem to directly affect the DNA polymerizing action
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of the telomerase complex on telomeres. How, then, does dimerization affect the activity
of telomerase? We postulated that perhaps TLC1 dimerization before forming a complex
with telomerase protein subunits could either increase the stability of naked RNA or
allow TLC1 to more efficiently assemble into active telomerase. Some mutations that
reduced TLC1-TLC1 dimerization did in fact reduce the steady-state level of TLC1 (#lc!-
42G), but others did not affect the steady state level (nup133A). However, the Paf1
complex mutations that significantly reduced TLC1 levels had no effect on the fraction of
TLCI-TLC1 dimers in cells, showing that reduction of the steady state of telomerase
RNA is not sufficient to reduce its dimerization. To test the possibility that TLC1
requires dimerizing in order to efficiently assemble into an active telomerase complex,
we will carry out colP assays to determine the level of TLCI1-Est2 association in
telomerase dimerization-defective mutants. The functional significance of TLC1
dimerization and the mechanism by which it affects telomere length remain largely

unresolved.

Future Directions

In addition to experiments mentioned above, the following experiments will be important
in deciphering the role of TLC1 dimerization. To study the dimerization of TLC1 through
its biogenesis pathway, an inducible TLC1 construct will be useful. Time course
experiments with the induced TLCI can follow various aspects of TLC1 processing, such
as capping, polyadenylation, dimerization, cleavage of the 3’ region, and interactions

with other protein components (Sm, Ku, Estl, Est2, and Est3). Mutations in Sm-binding
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site and MTR10, which are both required for TLC1 maturation and MTR10 for nuclear
retention of TLC1 (Seto et al. 1999; Ferrezuelo et al. 2002), will also be informative

determining the step at which TLC1 dimerizes during its biogenesis.

Materials and Methods

Plasmids

The integrating vector, pRS306-TLC1, was provided by Jue Lin. The MS2 CP-binding
RNA hairpins were constructed by annealing overlapping oligonucleotide in a standard
PCR protocol. The hairpin construct was cloned into the Bcll site of pRS306-TLC1. The
fusion PCR method was used to construct tlc/-42G and tic1-42C alleles, which were
cloned between the Bcll and Xhol sites of pRS306-TLC1. CEN-ARS versions of the
plasmids were made by subcloning BamHI-Xhol fragments of the integrating vectors into

the vector pRS316.

Yeast strains and growth media

Yeast strains were in the S288c background and are isogenic with BY4746, except as
noted in Table 2-1 (Baker Brachmann ez al. 1998). Yeast cultures were grown in standard
rich medium or minimal media (YEPD or CSM). Deletion strains were made using a

PCR-based transformation method (Longtine ef al. 1998).
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Immunoprecipitation of MS2 hairpin-tagged TLC1

TLCI1 was tagged with two MS2 coat-protein-binding RNA hairpins at the Bell
restriction site in the TLC1 coding region sequence. This gene construct with its native
promoter was integrated at the endogenous chromosomal 7LC/ locus, in tandem with
untagged, wild-type TLC1, flanking the URA3 marker. MS2 coat protein fused to 3 Myc
epitope tags was expressed either in tlc/ A or in experimental strains containing both
tagged and untagged TLCI. Whole cell lysates were prepared from cultures in log-phase
of growth in YEPD (OD,,=0.6-1.0) using glass beads and bead beaters. The lysis buffer
contained S0mM HEPES-KCI pH8.0,2 mM EDTA, 2 mM EGTA, 0.1% Nonidet P40,
10% glycerol, cOmplete EDTA-free protease inhibitors (Roche) and RNasin (Promega; 1
ul. / mL). The lysate concentrations were adjusted to A,,, = 40 before
immunoprecipitation. For lysates containing co-expressed MS2 coat protein, 400 uL of
lysate was mixed with 1.5 mg Dynal ProA magnetic beads (Invitrogen) and 1 ug of
monoclonal anti-Myc antibody (9E11, Santa Cruz Biotechnology). For experiments in
which MS2 coat protein was purified separately, ProA magnetic beads, anti-Myc
antibody, and whole cell lysate containing MS2 coat protein (at A,,,,=60-80) were
incubated for 1-2 hours. The beads were washed and used for tagged TLC1 precipitation.
The immunoprecipitation was allowed to take place at 4 °C for 4-hours to overnight. For
oligonucleotide-directed displacement experiments, the immunoprecipitates were washed

in presence of oligonucleotides each at 0.5 uM in the lysis buffer.
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Immunoprecipitation of tagged proteins

For immunoprecipitation of tagged proteins (Est2-13xMyc, Est2-3xFLAG), lysates were
prepared as described above. For Myc-tagged proteins, the lysate was mixed with 1.5 mg
Dynal ProA magnetic beads, and 1 ug 9E11 antibody. For FLAG-tagged proteins, lysate
was incubated with 50ull of M2-conjugated agarose beads. For sequential
immunoprecipitation of FLAG-tagged proteins followed by Myc-tagged proteins, 15 ug
of 3XxFLAG peptide was added to the M2-conjugated agarose beads. The eluate was then

used for Myc-tag immunoprecipitation as described.

Quantitative reverse transcription and PCR

RNA from input and immunoprecipitates were isolated using RNeasy Mini Kit (Qiagen),
including the DNase step as described by the manufacturer. The primer set for PGK1 was
designed using IDT’s PrimerQuest program. The reverse primers used to distinguish
tagged and untagged TLC1 were designed within and at the insertion junction,
respectively, of the MS2 hairpin tag. One-step reverse transcription and PCR kits were
used for all RNA quantifications, except for the quantification of immature TLC1
(Stratagene, Invitrogen). For quantification of immature TLC1, or 3’ regions of TLC1,
SuperScript III and random hexamer were used for reverse transcription. Subsequently,
SYBR Green I Master mix kit (Roche) was used for quantitative PCR. All quantitative
PCR runs included serially diluted RNA samples to make standard curve, from which
relative quantitative values were derived using the LightCycler software. The

oligonucleotide sequences used in qRT-PCR reactions are listed in Table 2-2.
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Telomere length analysis

Genomic DNA was digested with Xhol and separated on a 0.85% agarose gel. DNA was
denatured and transferred to a Nylon membrane, and UV-crosslinked with a Stratalinker.
The membrane was blotted with telomeric oligonucleotide
(5’-CACACCCACACCACACCCACAC-3’) labeled with WellRED D3 fluorescent dye
at the 5° end. The blotted membrane was scanned and analyzed using the Odyssey
Infrared Imaging System (LI-COR). A linear plasmid containing an S. cerevisiae

telomeric DNA sequence was included as a marker.
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Figure Legends

Figure 2-1. Co-immunoprecipitation strategy to detect TLC1 dimerization.

(A) TLC1 RNA before it is polyadenylated is represented (+1-1301). A tandem MS2
hairpins was inserted at Bcll site (+1033). The binding sites for Ku (+288-335), Estl
(+660-664), and Sm (+1153-1160) proteins are indicated. The telomeric repeat template
(+468-484), CGCGCG sequence (+1204), and the 3’ end of the mature TLC1 (+1167) are
also shown. (B) The amount of untagged TLC1 co-immunoprecipitated with MS2-tagged
TLC1 was used to estimate the fraction of total TLCI1 that is dimeric. (C) The amount of
untagged and MS2-tagged TLCI in total RNA normalized to PGK1 mRNA level is
shown. TLC1 was expressed from the genomic locus or on a CEN-ARS plasmid. (D) The
fraction of TLCI1 in dimer form is calculated based on the amount of untagged TLC1 co-

immunoprecipitated. The values are normalized to the average of the wild-type samples
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for each experiment. The error bars indicate the standard errors among the samples.
“Mix” samples represent mixed lysates from strains carrying untagged and tagged TLC1

independently.

Figure 2-2. The 3’ region that is cleaved off plays a role in TLC1 dimerization.

(A) The fraction of TLC1 in dimer form is calculated in strains that carry mutations that
disrupt palindromic sequence in the 3’ region of TLC1. WT=CGCGCQG, 42G=CGGGGQG,
42C=CCCCCQG, 42GC=CGGGGG+CCCCCQG. (B) The ratios of the amount of 3’ region
to the total TLC1 were measured in the total RNA and immunoprecipitated RNA. The
values were normalized to the average of all values. The error bars indicate the standard
errors among the samples. The one-sample t-test values for the comparison with the wild-
type indicate p < 0.002 for samples marked with ***. The pair-wise t-test values among

the bracketed samples are indicated.

Figure 2-3. Anti-sense oligonucleotides can disrupt TLC1 dimers.

Anti-sense oligonucleotides were designed against 7LC/ and added during the washing
step of immunoprecipitation. (A) The amount of TLC1 that remained in dimer is shown.
All 72 anti-TLC1 primers or random primers were added. The error bars indicate the
standard errors among the experiments. (B) Different subsets of oligonucleotides were
added during the wash step of immunoprecipitation. Each box represents the regions

against which oligonucleotides added targeted. Each ninth and third region contained 8
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and 24 oligonucleotides targeting that region. In each box is the fraction of TLC1 that

remained on the beads after the wash with the standard deviation in the parentheses.

Figure 2-4. Cell cycle-dependent dimerization of TLCI.

The cells arrested in alpha-factor were released and were collected every 15 minutes. The
first sample (t=0 min) is from alpha-factor arrested cells. (A) The fraction of TLC1 in
dimer form is calculated from colP experiments. (B) TLCI levels, tagged and untagged,
were measured. In both (A) and (B), the values are normalized to the asynchronous
sample and the error bars represent the standard deviation between two experiments. (C)
The level of cyclin mRNAs was measured to track the cell-cycle progress. The values are
normalized so that the lowest value is O and the highest value is 1. The horizontal bars

show cell cycle phase ascertained from the cyclin mRNA expression levels.

Figure 2-5. TLC1 dimer levels in deletion mutants.

The fraction of TLCI in the dimer form is calculated from the colP assays and
normalized to the average of the wild-type samples in each experiment. (A) Indicated
genes involved in TLC1 biogenesis pathway is deleted. (B) Deletion mutations that result
in diffused TLC1 throughout the cell were tested. The error bars represent standard errors
among the samples. The one-sample t-test values for the comparison with the wild-type
are denoted: * p>0.01, ** p>0.001, *** p <0.0001. The pair-wise t-test values among

the bracketed samples are indicated.
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Figure 2-6. TLC1 dimer is sensitive to trypsin treatment.

The fraction of TLC1 that remained in the dimer form was measured. The values were
normalized to the average of trypsin-treated samples. The error bars represent the
standard deviation between samples. The one-sample t-test value for the comparison with

the wild-type is indicated.

Figure 2-7. Total TLC1 levels do not affect the fraction of TLC1 in the dimer form.

(A) TLCI levels, both tagged and untagged, in the total RNA were measured in strains
deleted for the indicated genes. The levels were normalized to PGK1 mRNA levels first
and then to the wild-type levels. (B) Fraction of TLCI in the dimer form was calculated
from the colP assay in strains deleted from indicated genes. The values are normalized to
the average of the wild-type samples in each experiment. The error bars indicate the
standard error among the samples, except for ctr9A sample, which was done only once.
The one-sample t-test values for the comparison with the wild-type are denoted: * p >
0.8, ** p>0.3, *** p <0.00005. The pair-wise t-test values among the bracketed

samples are indicated.

Figure 2-8. The Ku complex and Sir4 are required for TLC1 dimerization.

Fraction of TLCI in the dimer form was calculated from the colP assay in mutant strains
as indicated. (A) Mutations defective in either telomere tethering to nuclear periphery or
telomere silencing. (B) The Ku mutations were combined with SIR4 deletion. The values

are normalized to the average of the wild-type samples in each experiment. The error bars
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indicate the standard deviation among the samples. The one-sample t-test values for the
comparison with the wild-type are denoted: * p > 0.1, ** p < 0.05, *** p < 0.0002. The

pair-wise t-test values among the bracketed samples are indicated.

Figure 2-9. The Ku and Sir4 combined with the mutation in the 3’ region.

Fraction of TLCI in the dimer form was calculated from the colP assay in mutant strains
as indicated. The values are normalized to the average of the wild-type samples in each
experiment. The error bars indicate the standard error among the samples. The one-
sample t-test values for the comparison with the wild-type indicate p < 0.005 for samples

marked with **. The pair-wise t-test values among the bracketed samples are indicated.

Figure 2-10. Est2 interactions with TLC1.

(A) Pseudoknot structure critical for Est2 binding to TLC1 was mutated (cs3 and cs4) and
compensatory mutation (cs3-cs4) was introduced. The fraction of TLC1 in the dimer
form was calculated from the colP assay. The values are normalized to the average of the
wild-type samples in each experiment. The error bars indicate the standard error between
two experiments. The one-sample t-test values for the comparison with the wild-type
indicate p < 0.05 for samples marked with **. (B) The amount of TLC1
immunoprecipitated after sequential immunoprecipitation, anti-FLAG then anti-MYC,
was measured. Amount of TLC1 remained in the MYC IP is represented as the fraction
of TLC1 immunoprecipitated in the FLAG IP. The table below indicates EST2 fusions

with specified tags present in each IP.
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Figure 2-11. TLC1 dimerization model.

(A) A schematic of TLCI polyadenylation and the cleavage of 3’ region is shown. Tick
marks represent the template region of TLC1. CGCGCG denotes the sequence at the 3’
region that is important in TLC1 dimerization. AAA represents the polyadenylation. The
stem-loop structure that the Ku complex binds is indicated. (B) We propose that there are
two modes by which TLC1 RNAs dimerize. The dimerization dependent on the 3’ region
is initiated before the 3’ region is cleaved. TLC1 dimerization dependent on Sir4 and the
Ku complex is at telomeres. The rectangles represent the telomeric repeats. (C) TLC1 in
the telomerase RNP is either monomeric or dimeric, but each RNP contains only one

Est2.
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Table 2-1. Strains used in Chapter 2
All strains are in the S288c strain background and are isogenic, except as noted below.

Strain number Relevant genotype

yEHB22,321  ADE2 his3Al leu2 A0 lys2 A0 met15A0 trpl A63 ura3A0 bar1 AO MATa
yEHB22.465  ADE2 his3Al leu2 A0 lys2A0 met15A0 trpl1 A63 ura3 A0 bar1 A0 MATa
yEHB22.495 yEHB22,321 but TLCI-MS2

yEHB22.496 yEHB22.465 but TLCI-MS2

yEHB22,720 yEHB22,321 but HIS3-Py-;-CP-3xMyc
yEHB22,721 yEHB22.,465 but HIS3-P cy-;-CP-3xMyc
yEHB22,722  yEHB22,720 but TLC1-MS2

yEHB22,723  yEHB22,721 but TLC1-MS2

yEHB22,662 yEHB22,720 but TLCI-URA3-TLC1-MS2
yEHB22,663 yEHB22,721 but TLCI1-URA3-TLC1-MS?2
yEHB22,750 yEHB22,720 but TLCI-LEU2-TLC1-MS2
yEHB22,751 yEHB22,721 but TLCI-LEU2-TLC1-MS2
yEHB22,799  yEHB22,720 but TLCI-URA3-TLC1
yEHB22.800 yEHB22,721 but TLCI-URA3-TLC1
yEHB22.801 yEHB22,720 but TLC1-MS2-URA3-TLCI1-MS2
yEHB22.802 yEHB22,721 but TLCI1-MS2-URA3-TLCI1-MS2
yEHB22,742  yEHB22,720 but tlc1-42G-URA3-TLC1-MS2
yEHB22.743  yEHB22,721 but tlc1-42G-URA3-TLC1-MS2
yEHB22.744  yEHB22,720 but tlc1-42C-URA3-TLC1-MS?2
yEHB22.745 yEHB22,721 but tlc1-42C-URA3-TLC1-MS?2
yEHB22.776  yEHB22,720 but tlc1-42C-URA3-tlc1-42G-MS?2
yEHB22.777  yEHB22,721 but tlc1-42C-URA3-tlc1-42G-MS?2
yEHB22,704  yEHB22,662 but tgsl A::KanMX6

yEHB22,705  yEHB22,663 but tgsl A::KanMX6

yEHB22768  yEHB22,750 but nup133A::KanMX6
yEHB22,769  yEHB22,751 but nup133A::KanMX6
yEHB22,698 yEHB22,662 but estlA::KanMX6

yEHB22,699 yEHB22,663 but est! A::KanMX6

yEHB22,724  yEHB22,662 but est2A::KanMX6

yEHB22,725  yEHB22,663 but est2A::KanMX6

yEHB22,700  yEHB22,662 but est3A::KanMX6

yEHB22,701  yEHB22,663 but est3A::KanMX6

yEHB22,682  yEHB22,662 but yku70A::KanMX6
yEHB22,683  yEHB22,663 but yku70A::KanMX6
yEHB22,686 yEHB22,662 but ykuS80A::KanMX6
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yEHB22,687 yEHB22,663 but ykuS80A::KanMX6
yEHB22,758 yEHB22,750 but yku80-135i

yEHB22,759 yEHB22,751 but yku80-135i

yEHB22,702  yEHB22,662 but arfl A::KanMX6

yEHB22,703  yEHB22,663 but arfl A::KanMX6

yEHB22,706  yEHB22,662 but cdc73A::KanMX6
yEHB22,707  yEHB22,663 but cdc73A::KanMX6
yEHB22,726  yEHB22,662 but ctr9A::KanMX6

yEHB22,727  yEHB22,663 but ctr9A::KanMX6

yEHB22,764  yEHB22,750 but ctfl8A::KanMX6

yEHB22,765 yEHB22,751 but ctf18A::KanMX6

yEHB22,766 ~ yEHB22,750 but esclA::KanMX6

yEHB22,767 yEHB22,751 but esclA::KanMX6

yEHB22,728  yEHB22,662 but sir2A::KanMX6

yEHB22,729  yEHB22,663 but sir2A::KanMX6

yEHB22,762  yEHB22,750 but sir3A::KanMX6

yEHB22,763  yEHB22,751 but sir3A::KanMX6

yEHB22,730  yEHB22,662 but sirdA::KanMX6

yEHB22,731 yEHB22,663 but sirdA::KanMX6

yEHB22,787  yEHB22,662 but sir4-42::KanMX6
yEHB22,788 yEHB22,663 but sir4-42::KanMX6
yEHB22,789  yEHB22,662 but rifl A::KanMX6

yEHB22,790 yEHB22,663 but rifl A::KanMX6

yEHB22,791  yEHB22,662 but rif2A::KanMX6

yEHB22,792  yEHB22,663 but rif2A::KanMX6

yEHB22,770  yEHB22,750 but tell A::KanMX6

yEHB22,771  yEHB22,751 but tell A::KanMX6

yEHB22,774  yEHB22,662 but sir4dA::KanMX6 ykuS80A::TRP1
yEHB22,775  yEHB22,663 but sirdA::KanMX6 ykuS80A::TRP1
yEHB22,776 ~ yEHB22,720 but tic1-42G-URA3-TLC1-MS2 yku80A::TRP1
yEHB22,777  yEHB22,721 but tic1-42G-URA3-TLC1-MS2 yku80A::TRP1
yEHB22,.803  LYS2 canlA::STE2,-HIS5 lypl A::STE3,-LEU2
yEHB22,.804  LYS2 canlA::STE2,-HIS5 lyplA::STE3,-LEU2
yEHB22.805 yEHB22,803 but TLCI-MS2

yEHB22.806 yEHB22,804 but TLCI-MS2

yEHB22 807 yEHB22,803 but TLCI-URA3-TLC1-MS2
yEHB22 808 yEHB22,804 but TLCI-URA3-TLC1-MS2
yEHB22 809 yEHB22.,803 but tlc1-42G-URA3-TLCI-MS2
yEHB22 810 yEHB22,804 but tlc1-42G-URA3-TLCI-MS2
yEHB22 811 yEHB22.,803 but tlc/-42C-URA3-TLCI1-MS?2
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yEHB22 812 yEHB22.,804 but tlc1-42C-URA3-TLCI1-MS?2

yEHB22 813  yEHB22,803 but tlc2-42C-URA3-tlc1-42G-MS?2
yEHB22 814 yEHB22,804 but tlc2-42C-URA3-tlc1-42G-MS?2
yEHB22 815 yEHB22,807 but yku80-135i

yEHB22 816 yEHB22,808 but yku80-135i

yEHB22,817  yEHB22,807 but sir4dA::KanMX6

yEHB22,818 yEHB22,808 but sir4A::KanMX6

yEHB22.819 yEHB22,807 but sir2A::KanMX6

yEHB22.820 yEHB22,808 but sir2A::KanMX6

yEHB22,821 yEHB22,807 but sirdA::KanMX6 yku80-135i
yEHB22,822  yEHB22,808 but sirdA::KanMX6 yku80-135i

yEHB22 823  yEHB22.,803 but tlc1-42G-URA3-TLC1-MS2 yku80-135i
yEHB22 824  yEHB22,804 but tlc1-42G-URA3-TLC1-MS2 yku80-135i
yEHB22 825  EST2-3xFLAG/EST2-13xMyc MATa/a

yEHB22 826  EST2-3xFLAG/EST2 MATa/a

yEHB22 827  EST2-3xFLAG-13xMyc/EST2 MATa/a
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Table 2-2. Primer sequences for gRT-PCR

Amplicon Primer number  Sequence (5’ to 3”)
PGK1 oEHB22,0716 = GGCTGGTGCTGAAATCGTTCCAAA
oEHB22,0717* AGCCAGCTGGAATACCTTCCTTGT
Untagged TLC1  oEHB22,0561 CATCGAACGATGTGACAGAGAA
oEHB22,0801* GACAAAAATACCGTATTGATCATTAA
MS2-tagged oEHB22,0563  ATGCCTGCAGGTCGACTCTAGAAA
TLCI oEHB22,0338* TGCGACAAAAATACCGTATTGATCA
Uncleaved, oEHB22,1015 TATCTATTAAAACTACTTTGATGATCAGTA
untagged TLC/ oEHB22,1038* AGCGATATACAAGTACAGTACGCGCG
Uncleaved, oEHB22,0339 AGCTTGCATGCCTGCAGGTCGACTC
MS2-tagged oEHB22,1038* AGCGATATACAAGTACAGTACGCGCG
TLCI
CLN2 oEHB22,712 TTGTTCGAGCTGTCTGTGGTCACT
oEHB22,713*  AATTTGGCTTGGTCCCGTAACACG
CLN3 oEHB22,837 AAGGCCGCTGTACAACCTGACTAA
oEHB22.838*  TGAACCGCGAGGAATACTTGTCCA

*Primer used in the reverse transcription step
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Figure 2-1

A MS2-hairpin

Y CGCGCG
Ku template Estl Sm

TLCT ' ' ' |
mature end

B 15% - C 1.5 1

TLC1 Levels (relative to wild-type)

®untagged TLC1
OMS2-TLC1
1.0 1
g 10% A
5
£
O 0.5 1
|
}—
N
o
c
K]
g
r 5% 1
0.0 - T T v
Genomic CEN-ARS Mix
0% A g
wWT Mix 3z 10
E
e
[}
=
©
Q
5]
£
a .
= 0.5
13
—
=
k]
c
Qo
©
©
w
0.0 4
Genomic CEN-ARS Mix

78



Figure 2-2
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Figure 2-3
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Figure 2-4
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Figure 2-5
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Figure 2-6
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Figure 2-7
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Figure 2-8
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Figure 2-9
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Figure 2-10
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Figure 2-11
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Chapter 3: Est1 and Est3 Modulate Telomerase Template Access

Tetsuya Matsuguchi and Elizabeth H. Blackburn
Department of Biochemistry and Biophysics

University of California, San Francisco

San Francisco, CA 94158

Results

Telomerase containing tlc1-476qug is active

To detect the in vivo usage of the template mutant, t/c/-476gug, a quantitative PCR
(qPCR) method was developed to measure the number of mutant telomeric repeats
incorporated into telomeres as a result of copying of the 476gug template. The 476gug
mutant template-specific oligonucleotide (see Materials and Methods) was designed such
that the GTG sequence unique to the mutant telomeric repeats is near the 3’ end of the
reverse primer (Figure 3-1A). The forward primer was designed to anneal to the most
common 22-mer sequence present in the wild-type telomeres (Figure 3-1A). The PCR
products were specific to GTG containing telomeres and the assay showed linearity of
signal over four orders of magnitudes (Figure 3-1B).

Wild-type TLC1 was expressed from its endogenous locus, and tlc1-476gug gene
was introduced on a CEN-ARS plasmid. A colony carrying this plasmid was picked from
a selective medium plate and patched before DNA extraction (at a time point

corresponding to ~40 generations of carrying tlc1-476gug). To determine the specificity
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of the qPCR method in detecting 476gug repeats incorporated into telomeres, the
experiment was also carried out in est/ A, est2A, est3A, and tlc1 A survivor strains. In
these strains telomeres are maintained by recombination and not by telomerase, and these
strains therefore served as negative controls for detection of mutant 476gug-directed
repeat incorporation. As expected, there was a robust 476gug incorporation in the wild-
type strain co-expressing chromosomal 7LC/ and the CEN-ARS-plasmid-borne #lc1-
476gug gene, while there were no detectable 476gug repeats incorporated into DNA in
estlA, est2A, or est3A strains (Figure 3-1C). Surprisingly, in tlc1 A cells expressing only
tlc1-476gug and no other telomerase RNA, 476gug telomeric repeats were detected in
small amounts, but significantly above background (Figure 3-1C).

This was the first finding that suggests that #/c/-476gug telomerase is not
completely catalytically inactive, as formerly reported. Previously, the telomerase
enzyme containing the mutant template 476gug was reported to be catalytically inactive,
based on two main criteria: the in vitro telomerase telomeric DNA polymerization assay
using a non-PCR-based method, and its classic senescence phenotype, which showed
progressive telomeric DNA shortening and senescence rates indistinguishable from those

of telomerase deletion mutants (Prescott and Blackburn 1997a).

Rescue of 476gug mutant repeat incorporation is dependent on the template

sequence of the co-expressed tic1 allele

The senescence phenotype of the template mutation tlc1-476gug is quite unusual for

telomerase RNA template mutants, and in order to determine what aspect of the template
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mutation leads to senescence, a previous study in this laboratory introduced all 64
possible sequences (including wild-type) at the 474-476 positions, which are within the
template sequence of the TLC1 gene (Lin et al. 2004a). These template mutations led to
different classes of telomere phenotypes: short-and-stable, elongated, degraded, and
mixed lengths. Notably, however, only tlc1-476gug was senescent, giving no further clue
as to the nature of this seemingly inactive telomerase.

The other interesting aspect of the tlc1-476gug mutation is that the mutant
template can be used by telomerase to incorporate mutant telomeric repeats in the
presence of co-expressed wild-type TLC1. To determine the role of the wild-type
template in rescuing the 476gug template, the same 64 template mutants described above
were each in turn co-expressed with tlc1-476gug. Genomic DNA from each of the 58
strains (some of the previously constructed mutations were re-sequenced and found to be
incorrect) was extracted, and the amount of 476gug repeats incorporation was measured
as described above (Figure 3-2A). First, 12 template mutations were able to allow up to
an order of magnitude of higher levels of 476gug mutant repeat incorporation than co-
expressed wild-type template TLC1. However, most of the 58 mutations were less
capable of rescuing the 476gug template usage. The top three 476gug mutant template
rescuers had the wild-type sequence except at template nucleotide position 476 (ACt,
ACa, ACg). Surprisingly, there were a few templates that slightly inhibited 476gug
template usage; in those cases, lower levels of 476gug mutant repeats were incorporated
into telomeres than when tic1-476gug was expressed alone. The class of telomere

phenotype of the co-expressed template mutations (short-and-stable, elongated, degraded,
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etc.) had no strict correlation with how well the 476gug template was used, although
there was a trend toward short-and-stable telomere phenotype template mutants being
less efficient, and degraded-telomere phenotype template mutants being more efficient, at
stimulating 476gug repeat incorporation. Strikingly, when the levels of 476gug
incorporations were log normalized to the wild-type level, they showed a fairly uniform
distribution across all 58 template sequences (Figure 3-2B).

Next, we looked at whether a particular nucleotide at each of the 3 positions
mutated (474-476) was preferred for the ability to rescue 476gug mutant template. In
overview, first, regardless of how the calculation was performed, the overall pattern was
that G residues at any of positions 474, 475 or 476 were strongly disfavored for the trans
rescue of co-expressed 476gug template usage as measured by the GTG sequence
incorporation into telomeric DNA. For each template, the log of relative efficiency at
rescuing 476gug mutant template usage was calculated. These values were totaled for
each nucleotide at each of the 3 positions. Finally, relative contribution of each
nucleotide at each position was expressed as the percent of total at each position (Figure
3-2C). This analysis showed that C and A nucleotides are generally preferred at each
position for trans 476gug template rescue; these are the nucleotides that are present in the
wild-type template. The result was comparable to the result of a screen searching for
templates that can support cell growth (Forstemann et al. 2003). Both results show that
telomerase prefers C’s and A’s. The same analysis was done without the log
normalization (Figure 3-2D). This analysis showed strong preference for A at position

474 and C at position 475, while there was no preference at position 476, and G’s were
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strongly disfavored at all positions. This non-log normalized effect was largely driven by
the best three template mutations that rescued 476gug template usage, because when
these three were eliminated, no specific preference remained, except that G’s were still
disfavored (Figure 3-2E).

We tested whether the palindromic nature of tic/-476gug (CACgugCAC) might
make this template inactive. According to this model, two copies of the 476gug mutant
template on two separate TLC! telomerase RNA molecules can anneal to each other and
thereby prevent access to the template by the telomerase catalytic site (Figure 3-3A). In
this model, this hybridization can be prevented in presence of wild-type template,
because wild-type and 476gug templates do not have a significant complementarity. A
prediction of this model is that the complementarity of the other, co-expressed template
mutations would correlate with how well they rescue 476gug template usage.
Specifically, the observed disfavoring of G residue(s) in the co-expressed mutant
template telomerase RNA for conferring rescue of 476gug template usage, as described
above, might similarly be predicted from this model, because such G residue(s) would
allow some base-pairing of that template with the C- and A-rich 476gug template. The
hybridization potential of each mutant template to 476gug template was calculated using
a simple RNA folding program and given as AG (kcal / mol). These values were plotted
against the ability of each template to rescue 476gug template usage (Figure 3-3B).

A subset of the mutants seems to fit the proposed model. A Boolean distribution
was seen as follows: Of all the 58 mutants examined, 41 mutants (including 476gug)

produced GTG/PGK1 incorporation of less than 0.7. In contrast, for the remaining 17
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mutants GTG/PGK1 ratios of over 0.7 were seen for all 15 mutants with predicted AG
values of -3.4 kcal / mol (including wild-type), but only two template mutants with a
lower predicted AG value (-8.2 kcal / mol) fell into this category of a greater than 0.7
GTG/PGKI1 incorporation level. A good number of mutations, that show little or no
complementarity, still spanned the entire range of ability to rescue 476gug template
usage. However, interpretation of this set of data is confounded by at least two factors: 1.
Each of the mutant templates may have very different levels of overall telomerase
activity, such that it cannot be excluded that apparent low rescue could have resulted
from a bias in the telomerase activity readout caused by expression of the mutant
template; although this would not be expected to affect the incorporation of GTG repeats
by the 476gug telomerase itself, there could have been indirect or unknown effects of
interaction of the co-expressed mutant template with the 476gug telomerase; and 2. The
resulting mutant telomeric repeats often disrupt other telomere binding proteins and
hence would be selected against in cells, leading to their under-representation in the DNA
extracted for analysis of 476gug repeat DNA incorporation. This effect could lead to
unpredictable biases in the quantity of GTG template incorporation that was measured

against the normalizing PGK1 level.

Effect of mutations in telomerase subunit EST7 on 476gqug template utilization

Estl binds directly to both telomerase RNA, TLC1, and to the telomeric single-strand
DNA binding protein Cdc13, and through these interactions, Estl recruits the telomerase

enzyme complex to telomeres (Zhou et al. 2000; Qi and Zakian 2000; Pennock et al.
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2001). In addition, it has been suggested that Est1 also has a role in the “activation” of
telomerase activity: In strains expressing Cdc13-Est2 fusions, which bypass Est1’s role in
telomerase recruitment, the presence of Estl significantly increases telomere lengths
(Evans and Lundblad 1999). A series of mutations separating the recruitment versus
“activation” functions of Estl supported this interpretation of the roles of Estl in
telomerase activity in vivo (Evans and Lundblad 2002). A recent publication has
suggested that this “activation” function may relate to Est1’s ability to promote formation
of a DNA G-quartet structure (Zhang et al. 2010). Estl has been shown to promote
telomeric single-stranded DNA into a G-quartet structure in vitro; the same point
mutations that disrupted Est1’s ability to form a G-quartet in vitro resulted in shortening
of telomeres in vivo. In addition, the same residues required for G-quartet formation also
were required for separating telomeric DNA hybridized to RNA in vitro (Zhang et al.
2010). This inferred helix-destabilizing function of Estl could, therefore, also be
important for separating potential template-template interactions between 476gug mutant
templates.

To test the possibility that Estl plays a role in 476gug template usage rescue, a
library of est/ mutations was assayed for their ability to affect incorporation of 476gug
mutant repeats into telomeres, in the genetic setting of co-expressed wild-type TLC1 and
tlc1-476gug (Evans and Lundblad 2002 and see Table 3-1). First, when these est/
mutants were introduced into either an est]/ A strain or an est/ A strain expressing a Cdc13-
Est2 fusion, the amount of 476gug mutant repeats in telomeres correlated perfectly well

with the overall telomere length (i.e. with the level of telomerase activity; Figure 3-4 A
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and B). Hence this finding also provided an independent validation of the quantification
method developed to measure in vivo incorporation of 476gug mutant repeats.

In order to measure the ability of each est/ mutant to rescue 476gug template
usage specifically, an additional template mutation, tlc/-476ucu, was employed.
Independent experiments were first done to show that this template mutation does not
require a wild-type template for incorporation of its specified telomeric DNA repeats and
that it can rescue 476gug template usage just as well as wild-type (Figure 3-2A, “TCT”;
and data not shown). The main advantage of introducing another template mutation is to
be able to measure its incorporation in the sea of pre-existing and other wild-type
telomeric sequences. The amount of 476ucu repeat incorporation, which occurs under the
influence of a specific est/ mutant in this case, therefore, serves to normalize for
telomerase activity. After the amount of 476gug mutant repeat incorporation was
normalized to the amount of 476ucu mutant repeat incorporation, five est/ mutations
showed levels of 476gug incorporation similar to vector control (indicating that these est/
mutants could not support rescue of 476gug incorporation), while others were similar to
the wild-type EST1 level. The “activation” function has been shown to be defective in
estl-42, est]-52, and est1-Al9. Those est] mutations that could not support 476gug
mutant template rescue included est/-42, est1-52, and est1-Al19. In addition, the
remaining two est/ mutations that could not support 476gug mutant template rescue were

estl-7 and est1-47. The estl-7 and est-47 mutations are located in the same region of Estl
as est]1-42 and est1-Al9. The 476gug incorporation level in estl-7, est1-47 and estl-52

showed similar levels to the wild-type level before the normalization (that was done
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using 476ucu mutant incorporation level), emphasizing the specificity of the “activation”
defect in 476gug rescue, as opposed to a telomerase recruitment defect. We note that the
G-quartet formation in vitro assay has also been reported to be impaired in est/-52. Other

est] mutants have not been described for this in vitro phenotype.

Effect of mutations in telomerase subunit EST3 on 476qug template utilization

The exact role of Est3 in telomerase activity remains elusive. Some of the suggested
functions for Est3 have included facilitating telomerase processivity, an intrinsic
telomeric RNA-DNA hybrid helicase activity, and a GTPase activity (Lee ef al. 2010;
Sharanov et al. 2006; Shubernetskaya et al. 2011). The potential RNA-DNA helicase
activity of Est3 is intriguing in that a similar role has been proposed for Est1, and as
described above, Estl has specific effects on 476gug template usage. In turn, our present
findings and previous findings suggest the possibility of 476gug template-template
hybridization interactions that are intermolecular, which might be affected by these
putative roles for Estl and Est3, or be competed out by template-DNA hybridization. In
addition, at high concentrations, Est3 has been reported to have an ability to dimerize in
vitro. While this dimerization may not be relevant physiologically in vivo, some
mutations at conserved residues have been found to disrupt this reported ability of Est3 to
dimerize in vitro (Yang et al. 2006).

To test the role of Est3 in 476gug template usage rescue, we carried out the same
sets of experiments as done for est/ mutations. In each esz3 mutant background, the

levels of 476gug and 476ucu mutant repeat incorporations were measured (Figure 3-5).
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This analysis showed that in addition to those mutations reported to disrupt Est3
dimerization (at high Est3 concentrations in vitro), several of the est3 mutations that
cause short telomere phenotypes had defects in rescue of 476gug repeat incorporation.
However, the degrees of telomere shortness caused by the various est3 mutants did not
correlate well with the extents of 476gug incorporation rescue. Also, the extents of
476gug rescue did not correlate well with the reported effects of the est3 mutations on in
vitro Est3 dimerization. Together, these findings indicate that the effects of est3
mutations on 476gug rescue in the presence of co-expressed wild type TLC1 are not
simply accounted for by effects on Est3’s known functions in activating telomerase.
Furthermore, they were not correlated with the putative effects reported on Est3

dimerization.

Effects of Sir4 and Ku complexes on 476qug template utilization

Sir4- and Ku-containing complexes are important for the physical interaction between
two TLCI RNAs (see Chapter 2 of this thesis). Furthermore, as described in Chapter 2,
epistasis experiments, suggested that Ku and Sir4 act in the same pathway to cause
interaction between two different, co-expressed, TLC1 molecules, as was measured by
their pull-down in the same complex from lysed cell extracts. To test whether this
physical association between TLC1 molecules in vivo (TLC1 dimerization) plays a role in
the functional interaction between different mutant templates manifested in 476gug

template rescue, the level of 476gug mutant repeat incorporation was measured in sir4A,

vku70A and yku80A cells. In addition, sir2 A strains were tested. Sir2 is not required for
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TLC1 dimerization (see Chapter 2 of this thesis). In contrast, most known other functions
of Sir4 (notably, in silencing) require Sir2.

Similarly to the experiments described above, tic1-476gug and tlc1-476cuu
template mutants were co-expressed along with the wild-type TLC1. When the level of
476gug mutant repeat incorporation was normalized to the level of 476cuu mutant repeat

incorporation, sir2A and sir4 A strains showed increased levels of 476gug repeats

compared to wild-type. However, yku70A and yku80A cells showed decreased levels of
476gug repeat compared to wild-type (Figure 3-6, A and B). The disparity in the
measured level of 476gug mutant repeat incorporation between the Sir complex and the
Ku complex suggests that physical dimerization of TLCI is not the only contributing
factor in the rescue of 476gug template usage. However, confounding the interpretation
of these results, in sir2A and sir4 A cells the amount of 476gug incorporation was quite
variable from colony to colony (Figure 3-6A), possibly due to increased level of

recombination at telomeres in absence of the Sir complex.

Telomerase complex pull-down with telomeric substrate DNA oligonucleotides

A previous study concluded that a dimeric telomerase complex containing two tlc!-
476gug RNAs does not have any detectable telomerase activity in vitro, while a
heterodimeric complex from a DEAE-agarose column fractionated cell lysate containing
co-expressed wild-type TLC1 and tic1-476gug RNAs can extend two primer substrates
that separately use the wild-type and 476gug templates (Prescott and Blackburn 1997b).

These previous experiments took advantage of the stable interaction between telomerase
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and its elongation reaction product, the extended telomeric oligonucleotide substrate. In
brief, it was found that in incubations using extracts of cells co-expressing tlc1-476gug
and wild type TLC1 RNAs, biotinylated 476gug mutant template-specific reaction
products, following elongation of the DNA oligonucleotide substrates using dNTPs
supplied in vitro, specifically associated with the product of simultaneously added wild-
type specific substrate, but not with a simultaneously added, 476gug-specific DNA
oligonucleotide elongated substrate.

To test whether un-elongated substrate-dependent pull-down of telomerase
complex can occur, biotinylated DNA oligonucleotide substrates were added to a final
concentration of ~1 uM to S100 cell lysates and incubated in the telomerase activity
assay buffer with or without 100 uM dNTPs (see Materials and Methods). To assess the
level of telomerase associated with the biotinylated DNA substrate/elongation product,
TLC1 amount in the substrate/elongation product-bound fraction was quantified. TLC1
was enriched at similar levels regardless of ANTP addition (Figure 3-7A). To eliminate
the possibility that there were enough dNTPs for telomerase reaction already present in
the S100 lysates, 3’ amino-labeled telomeric substrates, which do not allow any addition
of nucleotides, were used to pull-down telomerase in presence of ANTPs. Consistent with
the experiment above, both extendable and non-extendable substrates were able to pull
down TLC1 at similar levels (Figure 3-7B).

To ensure the TLC1 pull-down was representative of telomerase complex pull-
down and not just TLCI, the same assay with dNTPs was performed on extracts prepared

from wild-type EST2, est2A, and est2-530A (catalytically dead telomerase) strains. This

100



experiment showed not only that TLC1 pull-down by telomeric substrate is Est2-
dependent, but also the substrate was able to pull down catalytically dead telomerase
significantly more than wild-type telomerase (Figure 3-7C). These sets of experiments
provided strong evidence that in the conditions tested here -- namely, in the S100 fraction
of cell extracts -- an un-extended telomeric DNA substrate can bind tightly to telomerase

complex in vitro.

Discussion

The tlc1-476qug telomerase has low but measurable activity

The new quantitative method developed for measuring t/c/-476gug template usage, by
assessing 476gug template-directed DNA repeat incorporation into telomeres in vivo,
allowed detection of small but detectable amount of telomerase activity of this mutant.
Previously, the telomerase enzyme containing the mutant template tlc/-476gug was
reported to be catalytically inactive, based on two main criteria: the in vitro assay, and its
classic senescence phenotype, with a telomere shortening rate indistinguishable from that
of telomerase deletion mutants. Those former reports had been based on the combined
phenotypes of failure to detect in vitro activity of the tlc1-476gug telomerase using a
conventional (non-PCR-based) assay, and the observed progressive telomere shortening
(EST or Ever Shortening Telomeres phenotype) and senescence phenotype of tlc1-
476gug cells. Furthermore, like a classic telomerase gene deletion strain, following the
senescent stage the tlc1-476gug cells also showed the emergence of survivors, which

have recombination-maintained telomeres, at rates similar to telomerase deletion strains.
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The other previous method for detecting the mutant repeat incorporation was
based on the palindromic DNA sequence, CACGTGCAC, created by the 476gug
template. This sequence is recognized by Apal.l and Pmll restriction digest enzymes;
therefore, the presence of the palindromic sequence can be detected by the size change on
telomere Southern blot (teloblot) when DNA is digested by mutant-specific restriction
enzymes (Prescott and Blackburn 1997a). This method was limited to detecting whether
there is none or at least one incorporated mutant telomeric repeat per telomere. The small
number of 476gug repeats detected and the continuous shortening of telomeres in #lc1-
476gug strains suggest that 476gug repeats are likely to be present only at near the distal
end of telomeres, which would make the size difference discrimination on a teloblot
difficult, and a low level of incorporation could have been missed. It also cannot be
excluded that in addition to the significantly decreased inherent in vitro enzymatic
activity of tlc1-476gug telomerase, the predicted inability of the 476gug-specified
terminally-incorporated telomeric repeat sequences to bind Rap1, which was
demonstrated directly in vitro (Prescott and Blackburn 2000), may also have further
contributed to the previously observed eventual senescent or delayed cell inviability
phenotype of tlc1-476gug cells. However, arguing against this possibility, #/c/ mutant
strains that caused incorporation of telomeric DNA repeats with even more diminished
Rap1 binding ability in vitro than 476gug did not show senescence (Prescott and
Blackburn 2000). Taken together, the current and previous findings indicate that although

tlc1-476gug telomerase indeed has a low inherent telomerase activity in vivo, this
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minimal level of tlc/-476gug enzymatic activity is not sufficient to prevent a classic Ever

Shortening Telomeres (EST) and senescence phenotype.

Template interactions in vivo

Surprisingly, the ability to rescue tlc1-476gug template usage depended strongly on the
template sequence of a tlc/ allele co-expressed in trans and ranged nearly three orders of
magnitude. Additionally, there was no particular sequence trait unambiguously identified
that was critical for the rescue, as evidenced by the distribution of the ability to recue
476gug template usage across 58 different templates mutated at positions 474, 475 and
476, with different sequence properties. Notably however, a trend was seen, as there was
the following Boolean distribution of abilities of the different template mutants to rescue
476gug template function: out of the entire group of 58 templates tested, 15 (including
the wild-type template sequence) out of the 17 sequences that rescued (with a level of
relative 476gug incorporation above a 0.7 threshold value) all shared in common the
lowest predicted template-template hybridization ability (i.e. a AG value of -3.5 kcal /
mole). However, further analyses will be required to interpret these findings.

The rudimentary analysis of the position and nucleotide effects on rescue showed
that C and A nucleotides in the rescuing template sequence at positions 474-476 are
preferred; across the whole template, C and A preference is a known preference for in
vivo yeast telomerase activity in general (Forstemann et al. 2003). However, several
factors limit the interpretation of the C and A bias, and the disfavoring of G residues, in

the 476gug template rescue in vivo.
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First, because many of the telomere binding proteins are sequence-specific,
different #lc/ template sequences in vivo are known to affect telomere structures
differentially. For example, an in vitro analysis of a set of 6 different template mutants in
the 474-476 template region (included among the 58 analyzed in the present work)
showed that the mutant telomeric DNA sequences predicted to be specified by these
mutant templates had a wide range of reductions in ability to bind Rap1 protein (Prescott
and Blackburn 2000). The C and A preference may therefore reflect the preferred
telomeric sequences that are protected by sequence-specific proteins at yeast telomeres
such as Rapl and Cdc13, because such incorporated sequences will be selected for, and
therefore enriched in DNA preparations from cell populations. As previously reported,
the library of 64 template mutations (including wild-type) result in many different lengths
and forms of telomeres, and some of these template mutations cause misincorporation of
non-templated residues into the telomeric DNA in vivo (Lin ef al. 2004b). These
differently regulated telomeres are likely also to have some effect on how well
telomerase can act on the telomeres, and also on how well the 476gug mutant repeats
remain in the telomere without degrading.

Second, the C and A preference may also reflect effects of template mutations on
intrinsic telomerase activity. Some of the 64 template mutations covering positions 464-
476 caused misincorporation of non-templated residues into the telomeric DNA in vivo
(Lin et al. 2004b). To further test for these and other positional effects, a systematic

pairwise analysis of different template mutations may show some useful information. For
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example, the ability to rescue may depend on the position 476 if and only if position 475
isacC.

Thirdly, a limitation in interpreting the results is that the complementarity
calculation was based on the hybridization energy if two free RNA sequences were
mixed together. However, the template is a small region in a highly structured RNA
scaffold that has several proteins bound in vivo, and steric effects are also likely to be a
contributing factor, which were not accounted for in the analysis.

In summary, despite all these confounding factors, it is still possible to identify
strong effects. For example, the templates that allowed the most amount of 476gug
mutant repeat incorporated into the telomeres had the least complementarity to the
476gug template, and the least favorable templates (including 476gug) had the most

complementarity to 476gug template.

The Est1 “activation” function is required for 476gug template rescue

Estl’s best-understood essential role in telomerase activity is the recruitment of
telomerase to telomeres. Bypassing this essential function has allowed the uncovering of
another function of Estl, namely, its “activation” function (Evans and Lundblad 1999).
Three known mutations reduce the “activation” function: est/-42, est1-52, and esti-Al9.
All of these mutations also affected the ability of the wild-type template to rescue the
usage of 476gug mutant template, suggesting that the “activation” function and the
476gug rescue are part of the same process. In addition, est-7 and est/-47 were also

defective in 476gug rescue. Although these mutations were not specifically impaired in
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the “activation” function, the mutation lies in the same domain as est/-52 and est/-Al9.
Hence, the 476gug rescue function may require, and be related to, the classic “activation”
function, but also require an Estl function over and above its activation function.
Recently, est1-52 has been shown to be defective for promoting G-quartet formation and
separating a telomeric RNA-DNA duplex in vitro (Zhang et al. 2010).

It is intriguing that Estl is capable of separating a telomeric RNA-DNA duplex in
vitro (Zhang et al. 2010). We propose a model from these combined observations: that
TLCI dimerization may require such a helicase-like activity of Estl to form the mature
monomeric telomerase complex. While extra base pairing between the two 476gug
templates may impose an extra challenge in vivo for the unraveling of a TLC1 dimer,
Estl may be sufficient to separate the wild-type/476gug heterodimeric templates, which
is predicted to be less stable than a 476gug/476gug homodimer (Figure 3-8).

An alternative model is for a requirement for Est1’s ability to promote G-quartet
in rescuing the 476gug template usage. In this hypothetical model, the main defect in
476gug template mutation is not that telomerase enzyme with the mutant template is less
active, but that the mutant repeats incorporated into telomeres are incapable of forming a
G-quartet. If the 476gug mutant repeats are incapable of forming a G-quartet, which in
this model may be required to promote telomerase activity, then telomerase will have
difficulty extending 476gug repeat-containing telomeres, just as est/ mutants that cannot
promote G-quartet formation have difficulty promoting telomerase activity in vivo.
According to this model, the co-expression of wild-type template would rescue this

defect by incorporating enough wild-type repeats to form a G-quartet. However,
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countering this potential model is the evidence that a 476gug/476gug-containing
telomerase homodimer is inactive but the 476gug/wild-type telomerase heterodimer is

active. This will be further discussed later.

Est3 is important in 476gug template rescue

It was possible to show specific effects of Est3 mutations on 476gug incorporation rescue
in vivo, and these effects did not simply mirror effects of the Est3 mutations on
telomerase activity in vivo. The evidence for this interpretation was that, for the set of
est3 mutants examined, the extent of 476gug rescue by each est3 mutant did not correlate
with the degree of telomere shortening effect caused by the esz3 mutant alone. There has
been some suggested evidence for Est3’s functioning variously in telomerase
processivity, RNA-DNA hybrid separation, and having GTPase activity; however, the
evidence for each of these is limited, and the full picture of Est3 functions remains
unresolved (Lee et al. 2010; Shubernetskaya et al. 2011; Yang et al. 2006; Malyavko et
al. 2010). As such, it is difficult to speculate on the exact role of Est3 in rescuing 476gug
template usage. As discussed for Est1, Est3 might also have some activity related to the

separation of the TLC1 dimer (Figure 3-8).

Roles of Sir complexes and Ku complexes

The Sir complex and Ku complex are both important factors in maintaining telomeres;
their functions include forming silent chromatin at telomeres and recruiting telomeres to

nuclear periphery (Boulton and Jackson 1998; Taddei et al. 2004). In addition, Sir4 and
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the Ku complex, but not Sir2, were required for TLC1 physical dimerization, and
apparently act in the same pathway for physical dimerization (see Chapter 2). Given the
idea that the wild-type TLC! and tlc1-476gug RNAs functionally interact in order to
rescue 476gug template usage, these complexes were naturally good candidates for
testing their roles in tlc1-476gug. The results, however, are more puzzling than expected.
While Sir complex seems to promote the recue of 476gug template usage, the Ku
complex has reduced ability to rescue 476gug template. The fact that both Sir2 and Sir4
are important in this 476gug template rescue suggest that the role of Sir complex in the
476gug rescue is not through the TLC1 dimerization pathway, but may be through its role

in telomere chromatin formation.

Stable interaction of unreacted substrate and telomerase in vitro

A previous study on pulling down telomerase complex and any products that are stably
associated with telomerase complex suggested that there are at least two catalytic sites on
a single telomerase complex (Prescott and Blackburn 1997b). However, this
interpretation relies on the biotinylated substrate being stably bound to a telomerase
complex only when it has reacted. Evidence supporting this assumption included the
finding that, while all elongation products remained stably bound to the telomerase
complex for at least 15 minutes, only the longer elongation products (five or more
nucleotide added) remained bound after 1-2 hour incubations. In the S100 fractions tested
here, the pull-down assay on est2-D530A and by a non-extendable substrate showed that

this is not true. However, the previous results were obtained using DEAE-agarose
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fractions that had been further purified from S100 extracts. Therefore, we cannot
eliminate the possibility that other factors in the extracts besides telomerase may have
influenced these different results.

The previous pull-down studies were only able to detect extended products,
because *’P-labeled radioactive nucleotides were used to follow reaction product
oligonucleotides, and non-extended products were not probed in any way. The previous
experiments, by following only the elongation reaction DNA products themselves (which
were only those DNA oligonucleotides that became **P-radioactively labeled, because the
only radioactive entities added to the incubation were the added **P-labeled INTP
substrates), by definition followed the properties of complexes that were enzymatically
active in the extracts, and did not track or analyze any enzymatically inactive telomerase
complexes, or any (partially) denatured enzyme complexes that were able to bind DNA
primer but not able to extend it in vitro. In the present experiments, we note that non-
extended DNA primers in the incubations with S100 cell extracts are likely to be present
in vast excess over active telomerase complexes, which in cell extracts will typically be
in picomolar concentrations (based on Mozdy and Cech 2006 and see Materials and
Methods). The fraction of telomerase complexes in the S100 extracts that were
enzymatically active and extended a bound DNA primer in the incubation, versus those
that bound the primer, but were enzymatically inactive, during the incubation is
unknown. However, typically, in in vitro enzyme reactions, the fraction of molecules of
that are enzymatically active can be quite low compared with the total number of enzyme

molecules biochemically present in an incubation, because of various contributions to
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denaturation and unfolding of the enzyme that occur during preparation and during
incubation.

With the above caveats noted, in the new experiments, the specificity and
telomerase dependence of the association of TLCI RNA with the biotinylated DNA
oligonucleotide substrate were shown by the est2 deletion strain negative control
experiment, in which essentially no 7LC/ RNA was pulled down by the biotinylated
DNA oligonucleotide substrate. From this experiment, and from the pull-down of a 3’-
amino-modified un-extendable DNA primer, the present new experiments showed that
not only any extended DNA oligonucleotide products, but also un-extendable DNA
primers, were stably bound to telomerase RNA in an Est2-dependent manner. However,
the fraction of telomerase-bound DNA primers that actually underwent extension was not
measured in these assays, but based on typical precedents for other enzyme reactions, it
may have been quite low. Hence, these TLC1-associated biotinylated DNA
oligonucleotides are likely to have been bound to a mixture consisting of an unknown
proportion of enzymatically-competent telomerase complexes, present together with
telomerase complexes that were competent to bind the DNA substrates, but not to extend
them enzymatically.

Interestingly, these new experiments showed that the pull-down of TLC1 by
biotinylated DNA oligonucleotide substrates was not only Est2 protein-dependent, but
also that the recovery of TLC1 pulled down onto the immobilized, bead-borne DNA
oligonucleotide substrates was greater if the cell extracts were prepared either with no

dNTPs present in the S100 incubation mix, compared with when dTNPs were added to
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the extract, or if the cell extract was prepared from a strain that expressed only the
catalytically dead Est2 point mutant (est2-D530A), compared with wild type EST?2 cells.
The latter difference was especially strong. The greater recovery of TLC1 in both these
situations suggests that a telomerase complex in an inactive conformation (est2-D530A or
no dNTPs added to the incubation) binds tighter to the bulk of the biotinylated DNA
primer present on the beads than a telomerase that is capable of extending (or that has
extended) that DNA primer. The results showed that primer elongation was clearly not
required for this Est2-dependent TLC1 association with DNA primer; strikingly rather,
this association was improved if the primers were un-extendable, or the telomerase
contained catalytically-incompetent Est2, which is still competent for TLC1 assembly
and DNA primer binding. These results may define a new situation, in which tight
binding of telomerase with a DNA primer results if the primer cannot be extended.

The previous study proposed a model that there are two catalytic sites in an active
telomerase complex in vitro based on these facts (Prescott and Blackburn 1997b): 1.
Oligonucleotide elongation products (**P-labeled) remain stably bound to telomerase after
they are elongated. 2. Biotinylated oligonucleotides that are stably bound to telomerase
can pull down un-biotinylated oligonucleotides that have been extended to incorporate
?P-labeled nucleotides. If the substrate must be elongated in order to remain stably bound
to the telomerase complex, then both the biotinylated and un-biotinylated
oligonucleotides must have been extended and remained bound in a single complex; this
complex would have to contain at least two catalytic sites. However, the present study

showed that substrates can remain stably bound to an Est2-and-TLC1-containing
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complex (that may or may not be active), albeit under a different reaction condition. This
allows an alternative explanation for the results from the previous study: that it is possible
for an un-elongated, biotinylated oligonucleotide stably bound to telomerase complex not
at the catalytic site to co-purify an un-biotinylated, extended oligonucleotide stably bound
to the catalytic site. This model would require that there are at least two copies of TLC1
but only one catalytic subunit per telomerase complex. This latter model is more
consistent with the results from Chapter 2, which failed to find any Est2-Est2 interactions
in vitro.

In the same previous study, 476gug-476gug telomerase dimer was shown to be
inactive while 476gug-WT-template telomerase complex is active, using the similar setup
described above, in which biotinylated 476gug-specific substrate was able to co-purify
with wild-type product but not with 476gug product (Prescott and Blackburn 1997b).
That result is consistent with the current working model, in which the template-template
interaction in tlc/-476gug prevents access by the biotinylated oligonucleotides in the
476gug homodimer; the wild-type/476gug heterodimer allows 476gug template access
and co-purifies with the wild-type product as described above. This predicts that from
cell lysates containing only the tlc/-476gug telomerase would have much reduced TLC/
RNA bind to biotinylated oligonucleotides in a pull-down assay compared to cell lysates

containing wild-type and #lc/-476gug telomerase.
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Current working model

The mechanism by which the rescue of 476gug template usage by the wild-type template
still remains elusive; however, based on the results from both Chapter 2 and 3, we
propose the following model (Figure 3-8): (A) There are at least two mechanisms by
which TLC1 dimerizes (see Chapter 2), during which the templates are brought together
in proximity, allowing base-pairing in tlc1-476gug. (B) Estl and Est3, through their
“activation” function, separate the dimeric TLC1 or make the template region accessible.
The extensive base pairing in tlc1-476gug templates, however, prevents the template
region from becoming accessible. This model raises the possibility that dimerization of
telomerase RNA can act as a regulatory step, in which the access to the template region

limits the telomerase activity and require an activation step.

Future Directions

The main feature of the proposed model is the accessibility of the template region of
TLC1. An attempt was made without success to assess the accessibility using a DMS
chemical protection assay, in which bases not participating in base pairing are modified.
Further development of this method may be fruitful. The biotinylated oligonucleotide
pull-down of telomerase complexes in various states of activity also can also be used to
test the accessibility, as we have shown here that extension is not required for the stable
interaction of DNA oligonucleotides added at high concentration to cell extracts. The
template accessibility assays should be carried out in est/A and est3A to assess their

roles.
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A major caveat in studying the 476gug mutant template and any other template
mutations in vivo is that mutant repeats change the nature of telomeres. Many of the
telomere length regulators, such as Rap1 and Cdc13, depend on the telomere sequences.
Studying tlc1-476gug telomerase in vitro also is difficult as Estl, Est3, and other
cofactors are not required, and hence their roles cannot readily be studied.

One of the challenges in studying the 476gug incorporation into telomeres is the
low incidence of telomeres containing these mutant repeats. Although the qPCR method
has allowed quantitative measurement of the number of these repeats, it is not possible to
determine the distribution of these mutant repeats, where surely a lot of information is
hidden. This challenge, however, can be overcome with the recent breakthrough in the
next-generation sequencing technologies. Specifically, the 454 sequencing technology,
which allows sequencing of up to 500 base-pairs, is ideal for this, because the bulk of
wild type S. cerevisiae terminal telomeric TG repeat tracts are 250-350 base pairs in

length.

Materials and Methods

Plasmids

TLCI template mutations on HIS3-marked CEN-ARS plasmids were provided by Jue
Lin (Lin et al. 2004b). Est] mutations on TRP1-marked CEN-ARS plasmids were
generously provided by Vicki Lundblad (Evans and Lundblad 2002). Est3 mutations
were cloned using site-specific mutagenesis PCR. Cdc13-Est2 fusion plasmid was

provided by Sveta Makovets. The plasmids are listed in Table 3-1.
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Yeast strains, media, and genomic DNA extractions

All yeast strains used were derived from S288c BY4746 (Table 3-2). Standard protocols
were used for growth and genetic manipulations. Genomic DNA was purified using
Zymo-Spin I columns (Zymo Research). Yeast cells were lysed in 500 uL. Lysis Buffer
(20 mM phosphate buffer pH7.0, 10 mM EDTA, 100 mM NaCl, 1% SDS, 0.1% Sodium
Deoxycholate, 1% 2-mercaptoethanol) at 65 °C for 15 minutes. After incubation 350 uLL
of 6.5 M Guanidine HC] was added, and the cleared supernatant was loaded on the
Zymo-Spin I column. The column was washed twice with Wash Buffer (80% ethanol, 10

mM Tris pH7.5, 1 mM EDTA, 100 mM NaCl). The DNA was eluted in 100 uL of water.

Quantitative PCR

LightCycler 480 (Roche) with 386-well module was used for all quantitative PCR
reactions. All reactions were run as triplicates, and the standard curve was run for each
amplicon on the same run as the experimental reactions. PCR reactions were carried out
in a 10 uL using the LightCycler® 480 SYBR Green I Master, with the final primer
concentrations of 200 nM. The reverse primers for the mutant-specific telomeric repeat
detection for 476gug, 476ucu, and 476cuu, T5-CA15-gug-qPCR
(tttttCACACCCACACACCACgtg), T5-CA15-ucu-qPCR

(ttttt CACACCCACACACCACtcet), T5-CA15-cuu-qgPCR

(ttttt CACACCCACACACCAC ctt). The same forward primer used for all mutant repeat
quantitation was T5-TG18-qPCR (tttttGTGTGTGGGTGTGGTGTG). Five extra T’s

were added to the 5° end of each primer to prevent run off amplification. LightCycler
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software was used to fit the standard curve and to calculate the concentrations for each

sample.

Calculation of sequence preference for 476gug template rescue

The level of 476gug mutant repeat incorporated into telomeres in cells expressing
different template mutations was normalized to the level of 476gug mutant repeat
expressing the wild-type TLC1. For each position, 474-476, four bins representing A, C,
G, and T nucleotides were created. The value of the normalized level for each template
was added to the appropriate nucleotide bin representing the template mutation at each
position. The sum of these values for each bin at each position were calculated and
represented in the figure as percentage of total in each bin. The log normalized values

were calculated by normalizing to the minimum value, rather than the wild-type level.

Free energy calculation for template-template hybridization

Free energy of hybridization between the 64 mutant templates and the 476gug template
mutation was calculated using “hybrid-2s.pl” program, which is a part of the UNAFold
3.6 software package (Markham and Zuker 2008). The full template region was used in

this analysis. The temperature at which the hybridization was simulated was 30 °C.

Telomerase complex pull-down with telomerase substrates

Tell5 (TGTGTGGTGTGTGGQG), Tel24 (TGTGTGGGTGTGTGGGTGTGTGGG), and

CA24 (CCCACACACCCACACACCCACACA) sequences were used as telomerase
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substrates. The 5’-biotinylated versions of Tell5, Tel24, and CA24, as well as 5°-
biotinylated and 3’-amino-modified versions of Tell5 and Tel24 were purchased from
IDT. Streptavidin magnetic beads were composed of equal volumes of M280, M270, C1,
and T1 (Invitrogen). The beads were washed and prepared as instructed in the manual.
For each reaction, 1 mg of magnetic beads, which has the capacity to bind ~200 pmol of
oligonucleotides, were mixed with 500 pmol each of biotinylated Tell5 and Tel24 and
washed. Yeast whole lysate was incubated with TG15 and TG24 bound magnetic beads
in Telomerase Assay Buffer (50 mM Tris pH 7.9, 1 mM spermidine, ] mM DTT, 100 uM
dNTPs) in a final volume of 200 uLL with ~1 uM of bound substrate. The reaction mixture
was incubated for 30 minutes at 30 °C. The beads were washed in the TMG buffer twice,

and RNA bound to beads was extracted using RNeasy Mini Kit (Qiagen).
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Figure Legends

Figure 3-1. Quantitative PCR method to detect 476gug mutant template.

A minute number of 476gug mutant repeat incorporated into telomeres can be detected
by a qPCR method. (A) A schematic of a telomere, where the wild-type TG, ; telomeric
repeats are represented by white squares and the gray squares represent 476gug mutant
repeats. The forward TG, ; primer can anneal to multiple locations within the wild-type
repeats. The reverse, GTG-specific primer can only anneal to a 476gug mutant repeat at
the 3’ end, while the 5° end of the primer can anneal non-specifically to TG, ; sequences.
(B) The standard curve for the qPCR linearity test was made by serially diluting the
genomic DNA sample containing 476gug mutant repeats. (C) Strains deleted for essential
telomerase components were transformed with #/c/-476gug, and the amount of 476gug
mutant repeats were quantified in the genomic DNA extracted from these strains. The
level of 476gug mutant repeat incorporation was normalized to the level of PGK/ locus
in the sample, and this was normalized to the wild-type samples. The error bars indicate

the standard deviation among three measurements.

Figure 3-2. Rescue of 476gug template usage by other template mutants.

The library of 58 template mutations were co-expressed with tic/-476gug in tic1 A cells,
and the 476gug mutant repeat incorporation was measured. (A) shows the level of
476gug mutant repeats normalized to PGK1 locus, which is then normalized to the level
of incorporation in the wild-type. The same set of data is shown in log scale in (B). The

preference for a particular nucleotide at each position in the rescuing template sequence
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was calculated (see Materials and Methods) using (C) log normalized values, (D) linearly
normalized values, and (E) linearly normalized values with the top three mutant

templates omitted.

Figure 3-3. Template-template interactions by base pairing.

The 476gug template mutation results in a palindromic sequence, allowing for inter-
template base pairing. (A) The figure shows two alternative alignments of the two
templates in frans, in which six bases are complementary between the interacting
templates. (B) For each of the mutant templates, the hybridization energy to the 476gug
template was calculated using UNafold software, and AG (kcal / mole) was plotted
against the amount of 476gug incorporation from Figure 3-2B. The wild-type (WT) and

tlic1-476gug (GTG) data are indicated with a line.

Figure 3-4. Estl contributes to 476gug mutant template rescue.

Each est] mutant carried on a plasmid was co-transformed with tlc1-476gug also on a
plasmid into (A) est/ A and (B) estIA CDC13-EST?2 strains. The amounts of 476gug
mutant repeats were quantified and normalized to PGK1 locus. (C) Each est/ mutant was
co-transformed with tic1-476gug and tlc1-476ucu into estiA CDC13-EST?2 strain. The
amounts of incorporated 476gug and 476ucu mutant repeats were quantified, and the
ratio of 476gug to 476ucu is plotted. The error bars represent standard deviation, and the

asterisks indicate samples in which one-sample t-test showed p < 0.05.
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Figure 3-5. Est3 plays an important role in 476gug mutant template rescue.

Each est3 mutant was co-transformed with tlc1-476gug and tic1-476ucu into est3A. The
amounts of incorporated 476gug and 476ucu mutant repeats were quantified, and the
ratio of 476gug to 476ucu is plotted. The mutations are denoted by the amino acid residue

change. The error bars represent standard deviation between two experiments.

Figure 3-6. Rescue of 476gug mutant template in TLC1 dimerization mutants.

Plasmids containing tlc1-476gug and tlc1-476ucu are co-transformed into the strains
indicated. The amounts of incorporated 476gug and 476ucu mutant repeats were
quantified, and the ratio of 476gug to 476ucu is plotted. (A) Six independent
transformants were tested, and the error bars indicate the triplicate measurements of the
same sample. (B) The averages of six data point from (A) are plotted with the error bars
representing the standard error among the six samples. The one-sample t-test values for

the comparison with the wild-type are indicated.

Figure 3-7. Un-elongated telomerase substrates are stably bound to telomerase complex.
An equal mixture of biotinylated telomeric oligonucleotides TG24 and TG15 were bound
to streptavidin magnetic beads and incubated with lysates in telomerase activity assay
buffer. The percentages of RNAs indicated that remained bound to the magnetic beads
are plotted. (A) The S100 lysates from wild-type strains were incubated in telomerase
assay buffer with or without dNTPs. (B) The whole lysates from wild-type strains were

incubated with extendable TG24/15 oligonucleotides; un-extendable, 3’ amino-modified
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TG24/15-AM oligonucleotides; or extendable CA24 oligonucleotides. (C) The whole
lysates from indicated strains were incubated with extendable TG24/15 oligonucleotides.

The error bars represent the standard deviation between the results from two experiments.

Figure 3-8. The model for template-template interaction.

(A) The model shows the template-template interactions between the wild-type and
476gug template mutation. The number of base-pairs indicates the maximum number of
Watson-Crick base-pairing that may form between the templates. (B) The disruption of
the template-template interaction and the separation of TLC1 dimer are facilitated by
Estl and Est3. The extensive base-pairing between 476gug mutants prevents this step.

(C) Telomerase is competent for activity once the template region is accessible.
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Table 3-1. Plasmids used in Chapter 3

Plasmid number Descriptive name Reference
pEHB22.256 pRS416-TLCl1 This study.
pEHB22 257 pRS416-tlc1-476gug This study.
pEHB22,254 pRS415-TLC1 This study.
pEHB22 255 pRS415-tlc1-476gug This study.
pEHB22.456 pRS415-tlc1-476uCu This study.
pEHB22 457 pRS415-tlc1-476uuc This study.

- pRS313-tlc1-476aaA Lin et al. 2004.
- pRS313-tlc1-476aac Lin et al. 2004.
- pRS313-tlc1-476aag Lin et al. 2004.
- pRS313-tlc1-476aau Lin et al. 2004.
- pRS313-tlc1-476aCA Lin et al. 2004.
- pRS313-tlc1-476aCg Lin et al. 2004.
- pRS313-tlc1-476agA Lin et al. 2004.
- pRS313-tlc1-476agc Lin et al. 2004.
- pRS313-tlc1-476agg Lin et al. 2004.
- pRS313-tlc1-476agu Lin et al. 2004.
- pRS313-tlc1-476auA Lin et al. 2004.
- pRS313-tlc1-476auc Lin et al. 2004.
- pRS313-tlc1-476aug Lin et al. 2004.
- pRS313-tlc1-476auu Lin et al. 2004.
- pRS313-tlc1-476CaA Lin et al. 2004.
- pRS313-tlc1-476Cac Lin et al. 2004.
- pRS313-tlc1-476Cau Lin et al. 2004.
- pRS313-tlc1-476 CCA Lin et al. 2004.
- pRS313-tlc1-476CCc Lin et al. 2004.
- pRS313-tlc1-476CCg Lin et al. 2004.
- pRS313-tlc1-476CCu Lin et al. 2004.
- pRS313-tlc1-476CgA Lin et al. 2004.
- pRS313-tlc1-476Cgc Lin et al. 2004.
- pRS313-tlc1-476Cgg Lin et al. 2004.
- pRS313-tlc1-476Cgu Lin et al. 2004.
- pRS313-tlc1-476CuA Lin et al. 2004.
- pRS313-tlc1-476Cuc Lin et al. 2004.
- pRS313-tlc1-476Cug Lin et al. 2004.
- pRS313-tlc1-476Cuu Lin et al. 2004.
- pRS313-tlc1-476gaA Lin et al. 2004.
- pRS313-tlc1-476gag Lin et al. 2004.
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pEHB22 304
pEHB22 283
pEHB22 284
pEHB22 285
pEHB22 286
pEHB22 287
pEHB22 288
pEHB22 289
pEHB22,290
pEHB22 291
pEHB22,292
pEHB22,293
pEHB22 294

pRS313-tlc1-476gau
pRS313-tlc1-476gCA
pRS313-tlc1-476gCc
pRS313-tlc1-476gCg
pRS313-tlc1-476gCu
pRS313-tlc1-476ggA
pRS313-tlc1-476ggc
pRS313-tlc1-476ggg
pRS313-tlc1-476guA
pRS313-tlc1-476guc
pRS313-tlc1-476gug
pRS313-tlc1-476guu
pRS313-tlc1-476uaA
pRS313-tlc1-476uac
pRS313-tlc1-476uag
pRS313-tlc1-476uau
pRS313-tlc1-476uCA
pRS313-tlc1-476uCc
pRS313-tlc1-476uCg
pRS313-tlc1-476uCu
pRS313-tlc1-476ugc
pRS313-tlc1-476ugg
pRS313-tlc1-476ugu
pRS313-tlc1-476uuA
pRS313-tlc1-476uuc
pRS313-tlc1-476uug
pRS313-tlc1-476uuu
pRS414-EST1
pVL-est1-06-18myc (pVL1612)
pVL-est1-07-18myc (pVL1613)
pVL-est1-38-18myc (pVL1616)
pVL-est1-39-18myc (pVL1617)
pVL-estl-41-18myc (pVL1618)
pVL-est1-42-18myc (pVL1619)
pVL-est1-46-18myc (pVL1621)
pVL-est1-47-18myc (pVL1622)
pVL-est1-49-18myc (pVL1624)
pVL-est1-50-18myc (pVL1625)
pVL-est1-51-18myc (pVL1626)
pVL-est1-52-18myc (pVL1627)
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pEHB22,295 pVL-estl-54-18myc (pVL1629) Evans and Lundblad 2002.

pEHB22.296 pVL-est1-55-18myc (pVL1630) Evans and Lundblad 2002.
pEHB22,297 pVL-estl-19-18myc (pVL1633) Evans and Lundblad 2002.
pEHB22,298 pRS316-EST3 This study.
pEHB22.406 pRS316-est3-K3A This study.
pEHB22 407 pRS316-est3-D49A This study.
pEHB22 408 pRS316-est3-D49K This study.
pEHB22.409 pRS316-est3-D49R This study.
pEHB22.410 pRS316-est3-K68A This study.
pEHB22 411 pRS316-est3-K68D This study.
pEHB22 412 pRS316-est3-K68E This study.
pEHB22 413 pRS316-est3-K71A This study.
pEHB22 414 pRS316-est3-F72A This study.
pEHB22 415 pRS316-est3-A82E This study.
pEHB22.416 pRS316-est3-D86A This study.
pEHB22 417 pRS316-est3-S87A This study.
pEHB22 418 pRS316-est3-FOSA This study.
pEHB22.419 pRS316-est3-F103A This study.
pEHB22.420 pRS316-est3-E104A This study.
pEHB22 421 pRS316-est3-T115A This study.
pEHB22 422 pRS316-est3-D166A This study.
pEHB22 423 pRS316-est3-D166K This study.
pEHB22 424 pRS316-est3-D166R This study.
pEHB22 425 pRS316-est3-D49K-K68D This study.
pEHB22.426 pRS316-est3-D49K-K68E This study.
pEHB22 427 pRS316-est3-D49R-K68D This study.
pEHB22 428 pRS316-est3-D49R-K68E This study.
pEHB22 431 pRS316-est3-K68D-D166K This study.
pEHB22.432 pRS316-est3-K68D-D166R This study.
pEHB22 433 pRS316-est3-K68E-D166K This study.
pEHB22.434 pRS316-est3-K68E-D166R This study.
pEHB22 435 pRS316-est3-D49K-K68D-D166K This study.
pEHB22.436 pRS316-est3-D49K-K68D-D166R This study.
pEHB22 437 pRS316-est3-D49K-K68E-D166K This study.
pEHB22 438 pRS316-est3-D49K-K68E-D166R This study.
pEHB22.439 pRS316-est3-D49R-K68D-D166K This study.
pEHB22 440 pRS316-est3-D49R-K68D-D166R This study.
pEHB22 441 pRS316-est3-D49R-K68E-D166K This study.
pEHB22 442 pRS316-est3-D49R-K68E-D166R This study.
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Table 3-2. Strains used in Chapter 3

All strains are in the S288c strain background and are isogenic, except as noted below.

Strain number

Relevant genotype

yEHB22 321
yEHB22 465
yEHB22,692
yEHB22,693
yEHB22,606
yEHB22,607
yEHB22,694
yEHB22,695
yEHB22,696
yEHB22,697
yEHB22,710
yEHB22,711
yEHB22,682

yEHB22,683
yEHB22,686
yEHB22,687

yEHB22,728
yEHB22,729
yEHB22,730
yEHB22,731
yEHB22,600
yEHB22,602
yEHB22,605

ADE?2 his3Al leu2 A0 lys2A0 met15A0 trpl A63 ura3 A0 barl1 A0 MATa
ADE?2 his3Al leu2 A0 lys2A0 met15A0 trpl A63 ura3 A0 barl1 A0 MATa
yEHB22 321 but est] A::KanMX6

yEHB22 465 but estl A::KanMX6

yEHB22 321 but est2A::KanMX6

yEHB22 465 but est2A::KanMX6

yEHB22 321 but est3A::KanMX6

yEHB22 465 but est3A::KanMX6

yEHB22 321 but ticl A::KanMX6

yEHB22 465 but ticl A::KanMX6

yEHB22 321 but CDC13-EST2::HIS3 estl A::KanMX6

yEHB22 321 but CDC13-EST2::HIS3 estl A::KanMX6
HIS3-CYCI1p-CP-3xMyc TLC1-URA3-TLC1-MS?2 yku70A::KanMX6
MATa

HIS3-CYC1p-CP-3xMyc TLC1-URA3-TLCI1-MS?2 yku70A::KanMX6
MATa

HIS3-CYC1,-CP-3xMyc TLCI-URA3-TLC1-MS2 ykuS80A::KanMX6
MATa

HIS3-CYC1,-CP-3xMyc TLCI-URA3-TLC1-MS2 ykuS80A::KanMX6
MATa

HIS3-CYC1,-CP-3xMyc TLCI-URA3-TLCI1-MS2 sir2A::KanMX6 MATa
HIS3-CYC1,-CP-3xMyc TLCI-URA3-TLCI1-MS2 sir2A::KanMX6 MATa
HIS3-CYC1,-CP-3xMyc TLCI-URA3-TLCI1-MS2 sir4A::KanMX6 MATa
HIS3-CYC1,-CP-3xMyc TLCI-URA3-TLCI1-MS2 sir4A::KanMX6 MATa
canl A::STE2,-HISS lyp1 A::STE3,-LEU2 EST2-ADHIT: :natMX6 MATa
canlA::STE2p-HISS lypl A::STE3,-LEU?2 est2A::natMX6 MATa
canlA::STE2-HISS lypl A::STE3,-LEU?2 est2-D530A: :natMX6 MATa
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Figure 3-1
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Figure 3-2

.

20

<

5
0
5

— —

(LM 0} @AlE[21) SN0 LMD O} POZI[BWION [9AST 1D

0

00O =
<< 00
FO< On
000 nun
QOO0 nuv
LI DV
<O 00
000 =
000 =
O On
OO 0
o< n»
QOO v
0<O On
QO n»n
<00 nn
<< 00N
OO »»
O 0n
0o0 A
o< nn
OO »»
000 =
<G00 On
OO O»
0O nn
OO+ N
OO =
<O 0»
<O< 0»
OO+ »»
o< =
O~ 0On
O<— On
OO W
<< 00
<OO n»n
OO+ =
OFO W
o<~ 0
<O =
-0 QO
[ 1)
<O 0O
OF< =
<00 2+
- =
Vo< O»
< 00
FOO =
<O w
o0 A
<< W
O~ W
O »®»
<00 0
<O< O
<O~ 0O

o
=]

21

=) - -

SN0 |9 O} PSZIIBLION [9A5 19

=
S}

o<O
Qo<
<00
<

OO

OO
OF<
O
o<
OS]
<<
<00
oo

o<+
<O
RO
<
<<O

<00
(S

A
=y
uG

100%

50%

0%

476

475

474

476

475

474

476

475

474

130



Figure 3-3
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Figure 3-4
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Figure 3-5
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Figure 3-6
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Figure 3-7
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Figure 3-8
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Chapter 4: Conclusions and Future Directions

In this thesis, we explored the nature of telomerase dimerization and its functional
significance in S. cerevisiae. We showed that yeast telomerase RNA does physically
dimerize; however, no evidence for dimerization of yeast telomerase reverse transcriptase
protein itself has been found. We also showed that the activation functions of Estl and
Est3 modulate the functional interaction between two templates from two telomerase
RNAs. These results are summarized here, and a unified model combining these results is

presented.

Physical Dimerization of Telomerase RNA

In Chapter 2, we show evidence for physical dimerization of TLC1. We found two
classes of TLC1 dimers and two modes by which TLC1 can dimerize. One class of TLC1
dimer was sensitive to protease treatment, and another (possibly overlapping) class was
sensitive to high concentration of anti-sense oligonucleotides. The Ku complex
association with TLC1, as well as the silence information regulator protein Sir4, but not
silencing, is critical in one of the modes of TLC1 dimerization. The other mode requires
the 3’ region of TLC1 that is cleaved off in the mature version of TLC1. Abrogating both
modes together in vivo results in abolition of TLC1-TLC1 interaction to background
levels. The relationship between the classes of TLC1 dimers and two modes by which

TLC1 dimerize is still under study.
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The 3’ region that is critical for TLC1 dimerization in vivo is also important for
TLCI1 dimerization in vitro (Gipson et al. 2007). This region is cleaved off as a part of
TLCI1 biogenesis pathway, and this process is only active during G1 phase of cell cycle
(Chapon et al. 1997). This is consistent with the model that dimerization is a step during
biogenesis; dimerization of TLCI increased during G1 phase and decreased when S-
phase starts.

The Ku complex and Sir4 are both telomeric-end binding proteins. Unlike Sir2,
Sir3, and other subtelomere-associated proteins, Ku and Sir4 bind to more distal regions
of telomeres. This suggested that this mode of TLC1 dimerization requires TLC1
recruitment to telomeres. One might expect that dimerization during TLC1 biogenesis
would show an epistatic relationship; however, we have found that the cleavage of the 3’
region is not a necessary step for telomerase complex formation (data not shown). This is
consistent with the lack of interdependence between the two modes of TLC1
dimerization.

Surprisingly, TLC1 dimerization was not substantially affected by the deletion of
essential telomerase components. We also show that Est2-Est2 interaction is not stable
enough in vitro to be observed by the methods similar to the methods used in detecting
TLCI-TLCI1 interaction. Whether there are two copies of TLC1 in telomerase complex
remains to be tested. The human telomerase RNA has been shown to dimerize and that
dimerization is important for telomerase activity in vitro (Tesmer et al. 1999; Ly et al.
2003). Electron microscopy of human telomerase complex showed that two telomerase

complexes are held together by the RNA and not by the reverse transcriptase (D. Rhodes,
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personal communication, 2011). This is consistent with our finding that TLC1 can
dimerize but not Est2.

The main unanswered question is the functional significance of the physical
dimerization of telomerase RNA. The mutations that cause reduced TLC1 dimerization
all result in shorter telomeres, suggesting that dimerization is important for telomerase
activity. Our current working model is that TLC1 dimerization during its biogenesis is
important for the telomerase assembly. This will be tested by measuring the amount
TLCl1-associated with Est2 in various mutations that cause TLC1 dimerization defects.
Another aspect of the functional significance regarding the template-template interaction

is described Chapter 3 and in the next section.

Functional Interaction of Telomerase Templates

In Chapter 3, we explored the functional interaction of TLC1 templates. We focused our
studies on a particularly specialized mutation, t/c/-476gug, that introduces a palindromic
sequence within the template (Prescott and Blackburn 1997a). This mutation was
previously thought to be completely inactive, but we have developed a qPCR method that
allowed us to measure the very small amount of activity retained in the tic/-476gug
telomerase. The qPCR method was used to verify the previous finding that the activity of
tlc1-476gug telomerase is substantially increased by the presence of wild-type (see
Chapter 3; Prescott and Blackburn 1997a). The tlc1-476gug mutation results in the ability
of two templates to form base-pairing at six consecutive positions. The presence of such

base-pairing in vivo is partially supported by the correlation with the template-template
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intermolecular complementarity and the ability to increase 476gug mutant template
usage.

Next we showed that the significant increase of tlc/-476gug mutant template
usage, or rescue, stimulated by the wild-type TLC1 requires Estl and Est3. Specifically,
conserved residues in Estl that are shown to be important for the “activation” function of
Estl, as well as those conserved residues in the same region, were found to be important
for the rescue of 476gug mutant template. Although the ability of Estl and Est3 to rescue
an unusual template mutation that is virtually inactive may be serendipitous, we believe
that the mutation allowed us to uncover a function that is normally not manifested by the
commonly used assays of telomerase activity.

Finally, our attempts to probe the accessibility of template regions by biotinylated
oligonucleotides have shown that a DNA primer substrate of telomerase can remain
bound much more stably to the telomerase complex when the substrate is not or cannot
be elongated. Biotinylated oligonucleotide-directed purification of telomerase has been
carried out in many studies, especially those that probed the oligomeric state of
telomerase, and these studies generally do not distinguish between active and inactive
telomerase complex purified by this method (Prescott and Blackburn 1997b; Wenz et al.
2001; Wang et al. 2002). The implications for the interpretation of such experiments are
discussed in detail in Chapter 3. Further studies using the biotinylated oligonucleotides
designed specifically against 476gug template should allow us to test the model proposed

in Chapter 3.
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Telomerase Dimerization as a Regulatory Mechanism

The functional interactions between two templates have been described in both human
and yeast (Wenz et al. 2001; Prescott and Blackburn 1997b). The conservation between
human and yeast in this aspect suggests that it might play an important role in telomerase
activity. A parsimonious explanation would be that these template regions physically
interact or are at least in a close proximity. The crystal structure of the red flour beetle
shows that there is clearly not enough space in the catalytic site to accommodate two
templates and a single-stranded DNA substrate (Gillis ez al. 2008; Mitchell et al. 2010).
If there were any physical interaction of templates at or near the catalytic site of
telomerase, it would surely inhibit the activity. This is the basis for our model: that the
template-template interaction may act as a self-inhibitory mechanism for telomerase
activity. An activation step would involve changing the nature of the template-template
interaction (e.g. conformational change, removal of secondary template). In this model,
tlc1-476gug would be an extreme example of increased template-template interaction,
with its extended base-pairing potential with itself. We propose that the “activation”
function of Estl and Est3 involves alleviation of a normally much more fluid template-
template interaction.

Additionally, we propose that the template-template interaction is facilitated by
the dimerization of TLC1. Although telomerase RNA dimerization seems to be important
for efficient telomerase activity, it may also be inhibitory before telomerase complex is
fully “activated.” The increased activity of tlc/-476gug telomerase in ku70A and ku80A,

in which telomerase dimerization is reduced, is consistent with this model. However, the
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interpretation has many confounding elements (see Chapter 3). Finally, we suggest a
model in which TLC1 dimerization during biogenesis promotes its incorporation into a
telomerase complex, but it is formed in such way that it requires an activation step to
increase the accessibility to the template region. Therefore, telomerase RNA dimerization
can both promote and inhibit telomerase activity, which makes the process of
dimerization a potentially important regulatory mechanism for telomerase activity.
Telomerase is a highly thought-after target for pharmaceutical drugs: aging and
cancerous cell growth may be modulated by an activator or an inhibitor of telomerase
activity. The telomerase RNA dimerization provides a unique avenue by which drugs

may be targeted for either activation or inhibition of telomerase activity.
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Appendix 1: An Unbiased Screen to Investigate Any Potential Non-catalytic

or Other Functions of Telomerase.

Tetsuya Matsuguchi', Eric Jang', Sean Collins*’, David Breslow*”, Nevan Krogan®,
Jonathan Weissman®”, and Elizabeth H. Blackburn'

'Department of Biochemistry and Biophysics

*Department of Cellular and Molecular Pharmacology

*Howard Hughes Medical Institute

University of California, San Francisco

San Francisco, CA 94158

Introduction

It has been previously reported that lack of telomerase activity on telomeres, caused by
either deletion of any of the genes encoding the known core components of telomerase —
Estl, Est2, Est3, or TLC1 — or by a mutation causing loss of the ability of telomerase to
elongate and maintain telomeres in vivo - the cdcl3-2 mutant (formerly called est4-1) —
were all phenotypically indistinguishable from each other (Lendvay et al. 1996). This
implied that the only function of telomerase is to elongate telomeres and thereby prevent

senescence. To examine this question further, estI A, est2A, est3A, ticl A, est2-D530A,

est2-AN20 mutants were compared. The est2-AN20 mutant was included in this analysis
because it had an unusual reported phenotype: it caused not only short telomeres and

senescence, but also an immediate slow-growth phenotype (Xia et al. 2000). In this
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respect, it was unlike the other telomerase mutants, none of which were reported to show
growth effects until senescence.

The genetic interaction screen called the Epistatic MiniArray Profile (E-MAP)
technique was used (Schuldiner et al. 2005). In this approach, each haploid MATa strain
carrying a telomerase mutation was crossed to the collection of MATa mutation strains,
and the colony growth phenotype was measured in the spores that carried both mutations
(Figure A1-1). The collection of mutant strains used contained 754 alleles of 743 genes
that are involved in various aspects of chromosome biology (Collins et al. 2007). Most of
the mutations in this collection were deletions of non-essential genes, and the DAmP
allele of 70 essential genes, which had reduced abundance of mRNA (Schuldiner ef al.

2005).

Results

The colony sizes of single mutants (mutant collection mutation) and double mutants
(mutant collection mutation and telomerase mutation) were scored as previously
described (Collins et al. 2007). The genetic interaction was calculated as the log of the
ratio of the actual double mutant growth to the expected double mutant growth based on
the growth of each single mutant. The alleviating (yellow), aggravating (blue) or no
(black) genetic interactions are represented by the gradient of colors (Figure A2-1A).
This new set of data was combined with all of the previous E-MAP data collected in the

Weissman Lab. Clustering analysis for the entire set of data was carried out, which
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clusters mutant alleles that behave similarly to each other when combined with other

mutations. The clustered set of data is shown in Figures A1-2 through A1-5.

Genetic interactions with telomerase complex

All of the telomerase mutants clustered together in this analysis, including the est/A
strain included in previous E-MAPs (Figure A1-5; bottom panel, first seven columns).
This clustering concurs with the previous findings that telomerase mutations generally
behave similarly. Synthetic lethality between telomerase mutations and deletions of Ku
complex (yku70A and yku80A) has been reported (Gravel et al. 1998; Polotnianka et al.
1998; Nugent et al. 1998). Indeed, the strongest genetic interactions identified with
telomerase mutations were yku70A and yku80A (Figure A1-6A). Weaker, alleviating
genetic interactions were found with the cochaperon prefoldin complex, PAC10/GIM?2
and GIM5 (Geissler et al. 1998; FigureA1-6B) and the nucleotide excision repair genes,
RADI and RAD14 (Figure A1-6C). The prefoldin complex has been shown to be
synthetic lethal to cdcl3-1 mutation (Addinall ef al. 2008), which is a mutation in the
single-stranded telomere binding protein. In addition, the clustering of the all mutations
brought together telomerase mutations with cochaperon prefoldin complex (Figure A1-5;
bottom panel), indicating that telomerase mutations and the prefoldin complex show

similar genetic interactions.
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Distinct genetic interactions of the telomerase deletions from the catalytically

dead telomerase mutation, est2-D530A

To identify genetic interactions that might uncover the non-catalytic functions of
telomerase, the growth of double mutants with est2-D530A were compared to that of
double mutants with telomerase deletions (Figure A1-2B). Genetic interactions with esz2-
D530A that are distinct from deletions indicate functional difference between complete
loss of telomerase and telomerase incapable of telomere elongation but may potentially
be functional in other processes. The top three such candidates were identified: the Ku
complex, the Ino80 complex, and the Bre5/Ubp3 ubiquitin-protease complex (Figure A1l-
7).

As discussed above, the Ku complex had aggravating interactions with both est2-
D530A and deletion mutations; however, est2-D530A strain had much less synthetically
sick phenotype compared to the deletions (Figure A1-7A). The Ku complex plays a role
in various aspects of telomere biology, including telomere tethering to nuclear periphery,
telomere position effect, telomerase recruitment to telomeres, and replication timing of
telomeres. In addition, the Ku complex is essential for non-homologous end-joining
(NHEJ), a DNA repair pathway.

The Ino80 complex is an ATP-dependent chromatin-remodeling complex that has
been shown to be important in transcriptional regulations as well as at DSBs (Watanabe
and Peterson 2010). The Ino80 complex has 10 subunits: Ino80 (the ATPase subunit),
Rvbl and Rvb2 (helicase-like), Arp4, ArpS, and Arp8 (actin-related), Nhp10 (HMG-

like), and Ies1-6 (Ino-Eighty Subunit) (Watanabe and Peterson 2010). Of these, Rvbl,
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Rvb2, and Arp4 are essential. The screen showed that double deletions of IES7, IES3, and
IES5 with telomerase deletions had alleviating interactions, while there was no
interaction with est2-D530A. This relationship was not seen in deletions of NHP10 and
ARPS8 (Figure A1-7B). It has recently been shown that one of the Ino80 complex subunit
Ies3 interacts with Estl in yeast two-hybrid as well as in coIP experiments (Yu et al.
2007). Also Ino80 complex is associated with telomeres by ChIP experiments (Yu et al.
2007). In addition, ies3A estl A and ies3A est2A double mutants show increased telomere-
telomere fusions and extra-chromosomal telomeric circles, while arp8A est2A double
mutant did not (Yu et al. 2007). This difference between /ES3 and ARPS is consistent
with the difference we observed in the E-MAP screen, and suggests that increased NHEJ
may be the reason for alleviation/buffering of telomerase deletion mutations.

Bre5 and Ubp3 are the subunits of a ubiquitin protease complex (Cohen et al.
2003). The double mutants of BRES or UBP3 with telomerase deletions show synthetic
interactions while est2-D530A and est2-AN20 did not (Figure A1-7C). Telomere
silencing is enhanced in bre5A and ubp3A strains (Moazed and Johnson 1996). Bre5 also
plays a role in the NHEJ pathway, and down-regulation of NHEJ has been observed in
bre5 A strains (Bilsland er al. 2007).

Overall, all three complexes identified to have different genetic interactions from
est2-D530A compared to deletions strains have known telomere-related functions, and
most notably, all complexes modulates levels of NHEJ. Intriguingly, est2-D530A fared
better than deletion mutations when the Ku complex and the Bre5/Ubp3 complex, which

promote NHEJ, were mutated, and it fared worse when the Ino80 complex, which
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competes with NHEJ, was mutated. If the relationship held true, this would suggest that
est2-D530A can inhibit the deleterious effects of non-NHEJ processes at telomeres and
that NHEJ could increase the survival of telomere shortening, possibly by delaying
senescence.

Additionally, est2-D530A mutation showed synthetically sick phenotype with
DNA replication genes associated with DNA damage: homologous recombination genes
(RADS57,RAD54, RADS5 1), base-excision repair pathway (POL32 and RAD27), and the
Sgs1 complex (TOP3 and RMI1) (Figure A1-8). These pathways can affect telomere
biology in any number of ways, but when DNA damage is present, these NHEJ and other
DNA damage repair pathways compete; therefore, these mutations can be driving the

level of NHEJ higher.

Tetrad analysis failed to verify E-MAP results

To verify these findings, the deletions were made in freshly made in diploid yeast cells
that are heterozygous at the EST2 locus, est2A and est2-D530A. Starting with
heterozygous strain is ideal, because there will be no confounding effect from slightly
different telomere lengths between est2A and est2-D530A. In addition, the diploid strain
carried EST2-CDC13 fusion on a CEN-ARS plasmid. Cells carrying EST2-CDC13 fusion
have longer telomeres, and this will prevent spores from senescing before colony size
differences can be determined. This CEN-ARS plasmid was kicked out immediately

before the diploids were subjected to sporulation conditions.
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One copy of each of the candidate synthetic lethal genes (e.g. YFGI) was deleted
in this strain. When sporulated, half of the tetrads will be a tetratype containing spores of
the genotypes: est2A YFGI, est2A yfgl A, est2-D530A YFG1 , and est2-D530A ygf1A. The
spores were dissected and grown on rich medium. The size of the colonies was scored
prior to identifying the genotype of each colony in the tetrads. If the synthetic interaction
difference between deletion and catalytic mutations were real, the colony size between
est2A yfgxA and est2-D530A yfgxA would be different. However, the visual size scoring

of these colonies showed no appreciable difference.

Direct competitive growth assay failed to verify E-MAP results

Visual scoring of colony sizes may not be able to discern small differences in growth
rates. Weissman lab has developed a competition assay using cells expressing GFP and
cells that don’t express GFP (Breslow et al. 2008). These strains were combined in equal
number in a liquid media and grown several generations. Because both strains are
growing under the same condition, if there are no growth rate differences between the
strains, the ratio of GFP+ and GFP- strains should remain constant. As cells grow
exponentially, the ratio of GFP+ and GFP- strains changes exponentially if one strain has
a growth advantage, and this method allows measuring growth rate difference as small as
1%. We carried out these experiments using the strains made above. Again, we observed

no discernable differences in the growth rate.
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No extra mutations were found in strains used for E-MAP

The strains used to verify the E-MAP findings were derived from the same S288c
background, from which deletion collection was created. However, it remained possible
that the deletion collection used in the original screen described above contained an extra
mutation that does not exist in the strains used in the later experiments. To test this
possibility, Eric Jang, a high school volunteer, used the strains from the deletion
collection (Walter Lab) to repeat the experiments. He used a random spore selection
method that is similar to the one used for the E-MAP analysis. For all the strains he
tested, none of them showed different colony sizes between est2A and est2-D530A

spores.

Discussion

The E-MAP analysis identified several complexes that genetically interacted with
telomerase mutations; many of these have known telomere functions. It seems unlikely
that all of these likely candidates were artifacts. The main difference between the E-MAP
analysis and other experiments designed to verify the E-MAP data is that verification
experiments were carefully designed not to have cells reach senescence, which may
confound the analysis. In those verification experiments, a Cdc13-Est2 fusion plasmid
had kept the telomeres long prior to sporulation, and even though this plasmid was
selected against before scoring for colony growth phenotypes, the telomeres would still
have been longer than wild-type for at least some period during the colony size analysis

procedures. In contrast, in the E-MAP analysis, there were several selection steps that
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require many generations of growth in absence of telomerase; telomeres in these strains
could have been critically short or approaching critical shortness by the time cell growth
was scored. It is possible, then, that these genetic interactions observed in the E-MAP
analysis require short telomeres or senescing cells. Given the recent data on different
sensitivity of est2-D530A and est2A cells to G-quartet binding drugs, this seems
plausible.

Recently, Eric Jang, a high school volunteer, has looked at the effect of G-quartet
binding chemicals on Type I and Type II survivors (cells maintaining telomere via

recombination) formed from est2A and est2-D530A mutants. Surprisingly, there were

different effects of the chemicals depending on whether the survivors were est2A or est2-
D530A. Specifically, in Type I survivors, in which Y’ subtelomere region is amplified by
homologous recombination, est2-D530A strain showed up to 20-fold increase in
amplified Y’ region while est2A strain showed up to 60- to 80-fold amplification. This
suggests either that survivors formed in est2A and est2-D530A are somehow different, or
that non-catalytic est2-D530A still goes to telomere in survivors and perhaps “caps” the
telomeres, preventing recombination from taking place at the telomeres.

Many of the complexes and pathways identified are involved in DNA damage
repair pathways, especially NHEJ. This is consistent with the idea that catalytically-dead
telomerase can still act as a protective cap at the telomeres. Although different DNA
repair pathways are specialized and preferred for certain types of damage, many of them

are versatile and can compete for DNA damage substrates. The reason for why so many
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different DNA pathways were identified may be that they all modulate the level of one
particular DNA repair pathway (e.g. NHEJ).

This model has support from observations in the budding yeast Candida albicans.
Deletion of the genes encoding Est2 or telomerase RNA components of telomerase in C.
albicans caused a low fraction of the shortening telomeres to undergo a distinctive,
measurable degradation of the 5’ end DNA strand, even while the bulk culture cells were
still growing, and well before senescence (Hsu et al. 2007). In contrast, in the strain
corresponding to the est2-D530A catalytically-dead point-mutant (est2-D667A), even
though the culture underwent similar kinetics of bulk telomere shortening and
senescence, such telomeric DNA degradation was considerably reduced (Hsu et al.
2007). This finding suggested that the Est2, even though catalytically-dead, was
protecting the telomeres from these low-frequency but measurable degradation events
that occur even while telomeres are long in this species.

Given the strong supporting evidence for complexes identified to have true
genetic interactions, senescing and survivor cells that are est2A and est2-D530A should
be tested for synthetic interactions. The common theme in NHEJ and other DNA repair
pathways suggest that measuring not only the cell growth phenotype but also telomere-

telomere fusions or other signs of DNA damage repair would likely be fruitful.
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Materials and Methods

Plasmids

Jue Lin provided pEHB4016 (pRS316-EST1) and pEHB4009 (pRS316-EST2). The
plasmid pEHB22,298 (pRS316-EST3) was constructed by PCR-amplifying EST3 ORF
and 500 base-pairs of the flanking regions and subcloning the PCR product between Notl
and EcoRlI sites in pRS316. Shivani Nautiyal provided pRS316-TLC1. Cdc13-Est2

fusion plasmid was provided by Sveta Makovets.

Yeast strains and media

Yeast cultures were grown in standard rich medium or minimal media (YEPD or CSM).
Deletion strains were made using a PCR-based transformation method (Longtine et al.
1998). The non-deletion mutations, est2-D530A and est2-AN20 were introduced by PCR-
amplifying the mutation constructs with the natMX6 marker using the fusion PCR

method. The standard sporulation conditions were used.

E-MAP
E-MAP experiments were performed using the same collection of mutations as described
(Collins et al. 2007). Genetic interaction scores were calculated as previously described

(Collins et al. 2006).
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FACS

FACSCalibur was used to measure the GFP fluorescence levels of yeast cells. The GFP-
positive and GFP-negative strains were used to define a gate for distinguishing GFP+ and

GFP- cells. At least 20,000 cells were used for the measurement.
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Figure Legends

Figure A1-1. E-MAP Scheme.

(A) Each of the telomerase mutation (e.g. est2A) is combined with the mutation
collection (e.g. yfglA) by mating. (B) The resulting doubly heterozygous diploid is
selected and sporulated. (C) MATa spores are selected, and the single mutant (e.g. EST2

yfglA) and the double mutant (e.g. est2A yfgl A) are scored.

Figure A1-2. E-MAP legends and data.
(A) Rows 7-16 represent the genetic interaction of telomerase mutants with each of the

mutation in the collection. All of the strains were newly made for this assay except
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est] A*, which was used in the previous E-MAPs. (B) Rows 1-6 represent the fitness
difference of each telomerase mutant compared to the geometric mean of all of the
telomerase mutants (the mean value of rows 9-16). (C) Each column shows the genetic
interactions of the allele indicated at the top with the telomerase mutations. The
dendrograms are the result of clustering by the similar phenotypes. Rows 1-16 are

described in (A) and (B).

Figure A1-3 through A1-5. Continuation of E-MAP data from A1-2C.

Figure A1-6. Genetic interactions with telomerase components.
Genetic interactions with telomerase components were found with (A) Ku complex, (B)
cochaperon prefoldin complex, and (C) the nucleotide excision repair genes. These are

zoom-in sections of the figures A1-3 through A1-5.

Figure A1-7. Different genetic interactions between est2-D530A and deletion mutations.
Row 1 shows the difference between genetic interactions of est2-D530A and other
telomerase deletion mutations. (A) The Ku complex, (B) the Ino80 complex, and (C) the
Bre5/Ubp3 ubiquitin-protease complex are shown. These are zoom-in sections of the

figures A1-3 through A1-5.
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Figure A1-8. Aggravating interactions between est2-D530A and DNA repair pathways.
Two of the est2-D530A mutations (Row 9 and 11) show fairy strong synthetically sick
phenotypes with the base-excision, homologous recombination, and Sgs1 complex genes.

This is a zoom-in view of sections from Figures A1-3 and A1-4.
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Figure A1-1
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Figure A1-2
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Figure A1-3
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Figure A1-4
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Appendix 2: Transcriptional Regulation of TLC7 in Senescent Cells

Tetsuya Matsuguchi and Elizabeth H. Blackburn
Department of Biochemistry and Biophysics
University of California, San Francisco

San Francisco, CA 94158

Results and Discussion
Mozdy and Cech showed that the TLC1 levels do not change throughout the cell cycle,
and that there is a slight increase in TLC1 levels in the whole cell population when the
yeast culture is saturated versus logarithmically-growing. It has been reported that
telomeres are slightly longer in saturated cultures. This prompted us to check the level of
TLCI as cells undergo senescence. Senescent yeast cultures undergo a DNA damage
response, and transcriptional profile changes (Nautiyal ef al. 2002). However, in such
analyses the TLC1 levels had not been measured.

To test whether senescence evoked a response in the form of resulting in altered
TLC1 levels, wild-type, estI A, est2A, est2-D530A, est2-AN20, est3A, and ticl A cells
were successively streaked on plates four times. Total RNA was directly purified from
these cells scraped from the plates. The amounts of TLC1 and U2 snRNA were
quantified using qRT-PCR. As expected, TLCI levels in wild-type cells did not change
substantially from streak to streak (Figure A2-1). Interestingly, in est/ A, est3A, and est2-

D530A strains, the level of TLC1 was higher when the colony shape and number showed
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senescence phenotype (striped bars marked “heterogeneous” in Figure A2-1), but not
before senescence (when telomeres are shortening but the cells are still growing relatively
robustly) or after senescence (in survivors that also grow quite well). One possible
exception was in the est2-D530A cells, in which the first streak showed a colony
phenotype. Notably, in est2A cells, there was no increase in TLC1 levels even during
senescence.

It is also interesting to note that in both est2A and est2-AN20 cells, the TLC1

levels were less than that of wild-type cells (Figure A2-1). Though est2-AN20 cells have
shorter telomeres, they do not senesce. This suggests that N-terminal region encompassed
by the first 20 amino acids of Est2 is important for stabilizing TLC1. This result identifies
an additional region of Est2 important for 7LC! function or stability; the previous
identification of domains and amino acids of TERT (Est2 in S. cerevisiae) important for
telomerase RNA interaction had not identified this region.

The increase in TLC1 levels during senescence raised two intriguing, non-
mutually exclusive possibilities: a) that transcriptional regulation occurs at the TLC/
promoter during senescence; b) that the stability of TLCI is increased during senescence.
Evidence for the latter possibility came from the observation that, specifically in est2A
cells, the TLC1 level did not change in cells during senescence. In contrast, it increased
as estl A, est3A, and est2-D530A strains underwent senescence. Therefore, Est2 may be
playing a role in keeping TLC1 stable.

Most CEN-ARS plasmids used in the lab contain ~500 base pairs of the promoter

region and express similar levels of TLC1, as does the endogenous 7LC1. However,
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effects of promoter deletions had not been previously examined. To test how different
regions of the TLC1 promoter influence TLCI expression, different lengths of the 5’
region of endogenous TLCI were cloned in front of a TLCI gene that was marked within
the transcribed mature RNA region such a way as to allow distinction from the
endogenous TLC1 by qRT-PCR. These constructs were introduced on CEN-ARS
plasmids into otherwise wild-type yeast strains, and the total RNA was extracted. The
amount of marked TLC1 was quantified and normalized to the amount of U2 snRNA.
Most of the constructs containing segments of the endogenous promoter upstream regions
of sizes raging from 50 to 950 base-pairs showed similar levels of TLC1, except the
TLCI expressed with 150 base-pairs of the upstream region, which showed almost 3-fold
more TLC1 than the others. These data suggested that a repression factor (or more than
one) may bind in the region 150 bp or more upstream of 7LC/.

The potential presence of an inhibitory signal for the transcription of 7LC/ fits
with the regulatory mode of other telomerase components (Est1, Est2, and Est3), which
show very limited expression levels. Estl expression is tightly regulated by the cell-cycle
phase and proteolysis, and Est3 level is kept at a minimum through its in-frame stop
codon (Larose et al. 2007; Osterhage et al. 2006; see Appendix 3). It is possible that tight
regulation of telomerase is required to minimize telomerase incorrectly adding telomeric
DNA to chromosomal breaks instead of the breaks being repaired by other processes such
as NHEJ or recombination. Such control of telomerase at DNA breaks has been shown to
involve tight control via phosphorylation of Pif] helicase, for example (Schulz and

Zakian 1994; Makovets and Blackburn 2009)
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It would be interesting in future work to see whether the region farther upstream
of 150 bp is required for the higher levels of TLC1 in senescent cells. Further promoter
mutations can also probe the region in question in more detail. Identifying the repressor
that responds to senescence would be interesting, especially if it responds specifically to

senescence and not to general stress conditions.

Materials and Methods

Plasmids

The different sizes of TLCI promoters (50, 150, 250, ..., 950 bp) were PCR amplified
with a common reverse primer that introduced GCAG sequence immediately before the
Ncol site at +450 position of 7LCI. The PCR products were subcloned into pEHB22,254
(pRS415-TLC1) between the Xbal site in the multiple cloning site and the Ncol site in

the TLC1 sequence.

Yeast strains and growth media

Yeast strains used were of S288c background. Yeast cultures were grown in standard rich
medium or minimal media (YEPD or CSM). Deletion strains were made using a PCR-

based transformation method (Longtine et al. 1998).

Quantitative reverse transcription and PCR

Total RNA was extracted from yeast cells scraped from plates or from liquid cultures in

log phase of growth using the RNeasy Mini Kit (Qiagen), including the DNase step as
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described by the manufacturer. The primer set for U2 snRNA was designed based on the
previously published sequences (Mozdy and Cech 2006). The primer set for wild-type
TLCI1 was designed using IDT’s PrimerQeust. The GCAG-tagged TLC1 expressed from
plasmids was quantified using the primer ending in the sequence complementary to the
GCAG tag. One-step reverse transcription and PCR kits were used for all RNA
quantifications (Stratagene). All quantitative PCR runs included serially diluted RNA
samples to make a standard curve, from which relative quantitative values were derived

using the Stratagene software. Primers used for the qRT-PCR are listed in Table A2-1.
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Figure Legends

Figure A2-1. TLC1 levels are higher in senescing cells.

TLCI levels from strains shown are quantified. The wedge above each strain represents
increasing number of streaks (Streak 1-4). Solid bars represent RNA collected from
colonies that were uniform and circular, and dotted bars represent samples collected from
colonies with heterogeneous size and shape, indicative of cells undergoing senescence or
crisis due to short telomeres. The ratio of TLC1 level to U2 RNA were normalized to the
wild-type levels and plotted here. The error bars indicate standard deviation from

triplicate measurements of qRT-PCR.
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Figure A2-2. TLC1 expressed with different lengths of the upstream sequence.
TLCI1-GCAG expressed from plasmids with indicated length of upstream sequence was
quantified. The level of TLC1 was normalized to U2 RNA level. The error bars indicate
standard deviation of measurements from three independent clones collected at different
times. Within each experiment, the values were normalized to the average of all values

from that particular experiment. The vector control was run only twice.
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Table A2-1. Primer sequences for qRT-PCR

Amplicon Primer number  Sequence (5’ to 3”)

U2 snRNA oEHB22,0422 TCGATGGGAAGAAATGGTGCTATAG
oEHB22,0423* GTCGAAAAACTTCCTCTTGCAGCG

TLCI oEHB22,0555 GGCCTCAGAAATTTGGTAGGCACT
oEHB22,0556* TTGCGCACACACAAGCATCTACAC

GCAG-tagged oEHB22,0559 TGCTTGTGTGTGCGCAATTTGTGG

TLCI oEHB22,0595* GATGGTAGGCTTCCCATGGctge

*Primer used in the reverse transcription step
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Figure A2-2
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Appendix 3: Post-transcriptional Regulation of Est3

Tetsuya Matsuguchi and Elizabeth H. Blackburn
Department of Biochemistry and Biophysics

University of California, San Francisco

San Francisco, CA 94158

Results and Discussion

Est3 is one of the most enigmatic of the telomerase complex components. Est3 is a small
protein that co-immunoprecipitates with the telomerase RNA-and Est2-containing
telomerase complex of S. cerevisiae (Hughes et al. 2000). Est3 is required for telomerase
to maintain telomere length and prevent senescence in vivo, but Est3 is not absolutely
required for telomerase activity assayed in vitro, as shown by using cell extracts from
est3 deletion strain cells, under enzyme activity assay conditions with saturating amounts
of DNA oligonucleotide primer and moderate to high concentrations of dNTP substrates
(Lendvay et al. 1996; Lingner et al. 1997). Hence Est3 is required for in vivo telomerase
activity but not in vitro. Est3 physically interacts with the telomerase complex and
requires Estl for this interaction, and the N-terminal region of Est2 is also critical for
Est3 association with telomerase (Tuzon et al. 2011). The function of Est3 has remained
largely unknown, although there is some evidence for its role in the processivity of

telomerase activity.
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Interestingly, in S. cerevisiae there is a stop codon within EST3’s coding region,
and a frameshift during translation is required for the production of full-length Est3
protein (Figure A3-1; Morris and Lundblad 1997). In E. coli, two of the processivity
factors for DNA replication, gamma and tau, are encoded by a single gene, dnaX
(Kodaira et al. 1983). The tau subunit is a product of the 5’ half of the gene encoded by
dnaX. A larger Gamma subunit is produced when a frameshift occurs during the reading
of the dnaX gene (Flower and McHenry 1990; Blinkowa and Walker 1990). Similarly,
EST3 mRNA also has a potential to code for two proteins, a smaller N-terminal half
(Est3N) and the full-length Est3. It has previously been shown that production of the
Est3N protein fragment is dispensable for telomerase activity; however, full-length still
contains Est3N, and therefore the previous findings did not rule out the possibility that
production of just the Est3 full-length protein (which encompasses all the amino acids in
Est3N as well as the C-terminal portion of full length Est3) potentially may be sufficient
to compensate for the loss of Est3N (Morris and Lundblad 1997).

To test the possibility that there is a function for the Est3N, the Est3 N-terminal
region was overexpressed to produce Est3N itself, in a cell that also expressed the wild
type EST3 locus, and telomere lengths were measured. No significant differences in
telomere lengths were observed, indicating no dominant negative property of the
overexpressed Est3N, which is a truncated version of full-length Est3 protein. It is also
possible that other telomerase factors are limiting and that overexpression of Est3N is not
sufficient to change the telomere length. In fact, overexpression of wild-type Est3 (which

produces a mixture of overexpressed Est3N and overexpressed full-length Est3) is not
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sufficient to change telomere length (Zhang et al. 2010). It is also possible that Est3N has
a function outside the realm of telomere biology.

To test whether Est3N plays any role in DNA damage response pathways, EST3-
fsc mutation was used to test the sensitivity to MMS, UV, and phleomycin (Figure A3-1
and data not shown). This mutation leads to loss of Est3N expression (and, as shown
below, causes an increased level of Est3 full-length protein to be expressed) but did not
change the sensitivity to these DNA damaging agents.

Generally, a stop codon in the middle of a transcript signifies an error during the
transcription and triggers a nonsense mediated decay (NMD) pathway that degrades the
mRNA. A very small number of EST3 transcripts per cell are required to maintain wild-
type telomere length; therefore, we tested whether ES73 mRNA levels are kept low by
the NMD pathway. When NMD was mutated (upfI A, upf2A, upf3A), the EST3 mRNA
transcript level was two-fold higher than the wild-type (Figure A3-2; blue bars). To
verify that the effect of NMD on EST3 mRNA level is due to the in-frame stop codon, the
frameshift-corrected allele of EST3 (EST3-fsc), in which the stop codon in the middle is
removed, was also measured. Indeed, the EST3-fsc mRNA level was also two-fold higher
than that of the wild-type EST3 mRNA level (Figure A3-2; red bars). The EST3-fsc
mRNA level was not further increased by inactivating the NMD pathway (Figure A3-2;
green and yellow bars). These results suggested that the in-frame stop codon in the EST3
mRNA reduces the steady-state transcript level from the wild-type EST3 gene via NMD.

To test whether Est3 protein level is similarly controlled by the NMD pathway,

Est3 was tagged at its N-terminus with a 3xMyc or 3XFLAG epitope. Est3 protein was
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difficult to detect in wild-type cells, but when EST3-fsc mutation was introduced, a robust
signal was observed (Figure A3-3), indicating that the removal of in-frame stop codon
results in the expected more efficient translation and hence overproduction of full-length
Est3 protein. Next, the NMD pathway was inactivated in wild-type EST3 and EST3-fsc
cells by deleting UPF1, UPF2, or UPF3. Though EST3 mRNA levels are two-fold higher
in NMD-defective cells, the lack of NMD produced no significant increase in Est3
protein level (Figure A3-3; compare Lane 1 and 3). The overproduction effect of EST3-
fsc was not affected by the NMD status (Figure A3-3; compare Lane 2 and 4). Therefore,
the Est3 protein level is normally kept very low largely by requiring frameshift to occur
during translation, with little if any contribution from the NMD pathway, despite there
being an NMD-canonical substrate (an in-frame stop codon) in the ES73 mRNA protein
coding region.

The in-frame stop codon is conserved among Saccharomyces species, but it is not
conserved in other species of budding yeast. There seems to be no deleterious effect of
over-expressing Est3; the only function of the in-frame stop codon seems to be
conservation of resources by not producing any more Est3 than necessary. As discussed
in Appendix 2, it may be important to keep telomerase levels under strict negative
regulation, and the frame-shift mechanism of controlling Est3 protein levels would
provide an independent way of limiting telomerase action in vivo that may reinforce or
otherwise complement negative regulation of the action of telomerase through other
mechanisms acting on other components of telomerase. For example, it has been noted

that the EST1 mRNA sequence upstream to the canonical AUG protein coding start site
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has a series of predicted short open reading frames, an arrangement that has been shown
to result in down-regulation and responsiveness to cell growth conditions for other genes
such as GCN5 in S. cerevisiae. It would be interesting to test whether the effect of

maintaining such a reduced level of Est3 at minimal levels, as occurs in wild type cell, is
substantial enough confer a selective advantage over otherwise isogenic cells engineered

to be missing the frame-shift.

Materials and Methods

Plasmids

pEHB22,107 (pRS406-EST3-fsc) was cloned by separately PCR-amplifying 5’ and 3’
halves of EST3-fsc and then performing a fusion PCR using these halves. pPEHB12,009

(pMPY-3xFLAG) was made by Jeffrey Seidel.

Yeast strains and growth media

Strains used were derived from S288c background (Baker Brachmann et al. 1998). Gene
deletions were made using a standard PCR-based protocol (Longtine et al. 1998). Loop-
in/loop out method was used to introduce EST3-fsc using pEHB22,107. EST3 was N-

terminally tagged using loop-in/loop-out method using URA3 marker flanked by the tag

amplified from pMPY-3xMyc (Schneider et al. 1995) and pPEHB12,009.
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Quantitative RT-PCR of RNA

Total RNA was prepared per manufacture’s instructions using RNeasy Mini Kit
including the optional DNase step (Qiagen). One-step qRT-PCR kit (Brilliant II SYBR®
Green QRT-PCR Master Mix Kit, 1-Step; Stratagene) was used to carry out all RNA
quantification in 20 uL reactions with the Stratagene Mx3000P qPCR machine. Primers

used for the qRT-PCR are listed in Table A3-1.

Immunoblotting

Standard protocols for SDS-PAGE, protein transfer to membrane, and immunoblotting
were used. Briefly, whole lysates were prepared by vortexing and boiling the yeast cells
in Loading Buffer (40 mM Tris-HCI pH6.8,2% SDS, 2 mM DTT, 4% glycerol, 0.01%
bromophenol blue) with glass beads. The samples were run on a 15% polyacrylamide gel
and transferred to Hybond-P membrane (GE Healthcare). Anti-Myc 9E10 (Clontech) or
anti-FLAG M2 (Sigma-Aldrich) antibody was used as the primary antibody, and the
sheep anti-mouse antibody conjugated to HRP was used as the secondary antibody
(Abcam). ECL Plus (Amersham) kit was used to detect HRP activity on Kodak BioMax

Film.
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Figure Legends
Figure 3A-1. EST3 locus.

The wild-type EST3 open reading-frame has a stop codon (top), which can be removed
by a single nucleotide deletion (AT, bottom). The squiggly lines represent protein

products made by EST3 and EST3-fsc, Est3N and Est3.

Figure 3A-2. Nonsense-Mediated Decay (NMD) pathway and in-frame stop codon limit

EST3 mRNA level.

Total RNA was prepared from EST3 UPF, EST3 upfA, EST3-fsc UPF, and EST3-fsc upfA
strains. The results from upf1 A, upf2A, and upf3A were aggregated, as they had nearly
identical levels of respective RNAs. EST3, CPA1 (known NMD target), and U2 (not an
NMD target) RNA levels were measured. The ratios of RNA levels from EST3 upfA and
EST3 UPF; EST3-fsc UPF and EST3-fsc upfA; EST3-fsc UPF and EST3 UPF; and EST3-
fsc upfA and EST3 upfA are shown in blue, green, red and yellow bars, respectively. The
error bars represent the standard deviations of six data points (two strains each of upfi A,

upf2A, and upf3A samples). The fold-difference is shown on log scale axis.

Figure 3A-3. Overproduction of full-length Est3 protein in ES7T3-fsc strains.

Western blots of N-terminally tagged Est3 from (A) wild-type EST3 and EST3-fsc

strains, tagged with either 3xMyc or 3xFLAG and (B) wild-type EST3 and EST3-fsc
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strains that are UPF1 or upfl A. Myc-tagged Est3 was probed with 9E10 (anti-Myc)

antibody, and FLAG-tagged Est3 was probed with M2 (anti-FLAG) antibody.

189



Table A3-1. Primer sequences for qRT-PCR

Amplicon Primer number  Sequence (5’ to 3”)

U2 snRNA oEHB22,0422 TCGATGGGAAGAAATGGTGCTATAG
oEHB22,0423* GTCGAAAAACTTCCTCTTGCAGCG

EST3 oEHB22,0406  CCGAAAGTAATTCTGGAGTCTCATTCA
oEHB22,0407* TTTGGTGTGAGGAATCTCTTATCGATG

CPAI oEHB22,0553 AATGGACCAGGCAACCCAGAACTA
oEHB22,0554* AGCCAAGAGTTGATGGCCTAGACA

*Primer used in the reverse transcription step
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Figure A3-1
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Figure A3-2
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Figure A3-3
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Appendix 4: Yeast Two-Hybrid Systems for Analysis of Interactions

Between the Telomerase Core Subunits

Tetsuya Matsuguchi and Elizabeth H. Blackburn
Department of Biochemistry and Biophysics

University of California, San Francisco

San Francisco, CA 94158

Results and Discussion

In attempts to study the potential dimerization of telomerase RT subunit Est2, the yeast
two-hybrid system was used. It was previously reported that there is no interaction
between Est2’s, using the classic yeast two-hybrid system in which Gal4 DNA binding
domain (Gal4DB) and a Gal4 activation domain (Gal4AD) are fused separately to copies
of Est2 (personal communication, EHB). Negative results in assessing interactions can
result for various reasons when the yeast two-hybrid system is employed, but one of the
main concerns in detecting Est2 dimerization was the dimerization of the Gal4DB itself.
Like most DNA binding proteins, Gal4 dimerizes (Carey et al. 1989), and each of the two
DNA binding domains binds to a half-site of the DNA binding sequence. While some
dimerization interaction has been seen in some cases using this system, it was possible
that Gal4DB-Est2 dimerization may have been preventing Gal4DB-Est2 interactions with

Gal4AD-Est2.
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To circumvent this problem, the SKN-1 DNA binding protein from C. elegans
was cloned and used as a DNA binding domain. Skn-1 is known to bind to DNA as a
monomer (Weintraub ef al., with Blackwell, Bowerman, et al., Priess 1994).
Unfortunately, the DNA binding sequence is also half the size of most DNA binding
sequences. This meant that there are several DNA binding sequence elsewhere in the
yeast genome, and in fact, Skn-1-Gal4AD was not able to induce the expression of a
reporter gene.

There are also other two-hybrid systems, such as the split-GFP system, in which
the N-terminal and C-terminal halves of the GFP are fused to a bait protein and a prey
protein, and only when the two proteins interact does a full GFP fluorophore form that
can fluoresce (Cabantous et al. 2005). In addition, this interaction can occur anywhere in
the cell and is not restricted to the nucleus. While screening by fluorescence using FACS
machine is useful, this system cannot be used to select for particular mutations.

Given the above shortcomings and problems, to make a selectable, monomeric,
and cytoplasmic yeast two-hybrid system, a split-Ade2 system was developed that may
be useful for assessing Est2-Est2 and other interactions in vivo. The yeast ADE?2 gene is
an evolutionary fusion of two bacterial genes (Figure A4-1A):
Phosphoribosylaminoimidazole-succinocarboxamide synthase (purK; N-terminal half)
and phosphoribosylaminoimidazole carboxylase (purE; C-terminal half) (Watanabe et al.
1989; Tiedeman et al. 1989). When these two domains were separately expressed, the
yeast colony showed red colored ade2” phenotype, which is caused by an accumulation of

a red pigment intermediate. When these two domains were fused to GST, which
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homodimerizes, the color phenotype was restored to wild-type (Figure A4-1B), showing
that when the two domains are brought together by the fused subunit, the Ade2 enzymes
work more efficiently.

In addition to being able to screen interactions by color phenotype, the selectivity
can be modulated by changing the amount of adenine in the media, thereby changing the

stringency of the interaction required to allow cells to form colonies.

Materials and Methods

Plasmids

Skn-1 gene was PCR-amplified from C. elegans genomic DNA prepared with a standard
protocol and cloned into pRS415 vector. The 5° and 3’ regions were separately PCR-
amplified and subcloned into Pacl and Ascl sites of pFA6a-3HA-KanMX6 and pFA6a-

GFP(S65T)-TRP1 (Longtine et al. 1998).

Yeast strains and growth media

Yeast cultures were grown in standard rich medium or minimal media (YEPD or CSM),
except “low Ade” plates were made using half the amount of adenine normally used. The
PCR-based transformation method was used to introduce N-terminal and C-terminal

Ade2’s (Longtine et al. 1998).
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Figure Legend

Figure A4-1. Split-Ade?2.

(A) Yeast ADE?2 gene is a fusion of two bacterial proteins purK and purE. N-terminal
(straight lines) and C-terminal (squiggly lines) constructs were made by fusing either HA
or GST epitope to each region. (B) N-terminal and C-terminal halves with HA and GST
epitopes were co-expressed. The GST epitope is known to dimerize, but the HA epitope
does not dimerize. Active Ade2 enzyme results in white colonies, while inactive or

weaker Ade2 enzyme results in an accumulation of red pigment.
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